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ABSTRACT

COMPUTATIONAL DESIGN OF PROTEINLIGAND AND PROTEINI PROTEIN
INTERACTIONS
José Abraham Villegas

Jeffery G. Saven

Central to the function of proteins is the concept of molecular recognition. Riajand
and proteiinprotein interactions make up the bulktbé chemical processes that give rise
to living things. Realizing the full potential of protein design technology will therefore
require an increased understanding of the design principles of molecular recognition. We
have tackled problems involving moldaurecognition by using computational methods
to design novel proteitigand and proteiprotein interactionsFirstly, we set out to
design a protein capable of recognizing lanthanide metal ions. Platéanide systems
are ofinterestfor their potatial to serve as purification agents for use under biological
conditions.We have designed highly dense-€oordinatdanthanidebindingat the core

of ade novaoprotein, andusedthe dynamical aspects of the protein to achieve a dedree
differentiation between elements in the lanthanide seBesondly, we investigated
systems of homoligomeric protein complexes that sasemble into hollow cageale
have studied thstructural determinants of naturally occurring se§embling ferritin
cagesandidentified asingle mutation that greatly increased the stability ofeéhetin

cage, as well as dramatically altered the overall structure of the ass@viebihavealso

Vi



used thdormulation of probabilistic protein design to arrivenavelsequencefor - U

helical peptideshat can adjust their surfaces in accordance to different local
environments. This formulation was used to identify a sequence for a peptide designed to
selfassemble into a spherical particle with broken symmetry. Taken together, thes

efforts will lead to an increased understanding ot tie ofkinetics and structural

plasticity in proteinligand and protekprotein interactions.
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1| Introduction to Computational Protein Design

1.1. Introduction

More than a century ag6jschef carried out the first synthesis of a dipeptide. Today,
advances in computational protein dedigiveopened upmmensepossibilities for the
design of noveprotein-based substances and materi@smputational proteinasign
aimsto identify novel aminaacid sequences that are likely to fold into a target structure
and possess a desired functionally. Toeputationabnd experimental tools developed
in the fields of biophysics and of molecular biology can be repurposed@nbdinedto
design, synthesizand characterizeew proteins with no dire@volutionary connection

to existing natural protes For example, the field of structural biology has developed
conput ational tools to build molecul a+tr model
helice$ and random coild These tools are esseiitia solving the structure gfroteirs

by X-ray crystallography since the technique requires buildidgr&nsional models to
calculate electron density maps from diffractiont@ats? °> These tools can be
repurposed to generate models of novel structures likely to be realizgtbEmino acid
sequence selectiofthe wealth of information depositedtime protein data baRKPDB)

can be harnessed for empirical informatismch as the propensity of an amino aoithe
found in a buried or exposed region of the protiesign proteingvith features that

are sinilar to those of natural proteifshen combined with theoretical understanding
of the energetics of protein foldinthese toolsan be harnessed to arrive at sequences

that are likelyto fold to a target structufe.



From an experimentaperspective, the tools detoped for the synthesis and purification

of peptides and proteins allow for the convenient realization of these molecules without
extensive synthetic planning and execution. The spectroscopic tools that have been
developed for the study of natural protegan be used to carry out hypothegisen

experiments that prove or disprove the success of a given design.

Central to the function of proteins is the concept of molecular recogiiBosteins are
capable of recognizing a plethora of small molectflesrbohydrate$' membrane
surfaces? other proteinsand copies of themselvé$* Proteinligand and protein
protein interactions make up the bulk of the chemical procdsaegive rise to living
things.Enzymesmustbind to substrate molecwl¢o catalyze their conversion. Metallo
proteinsbind to metalgo take advantag of their catalytic propertieendto regulate their
availability.™> Membrane proteighannelsnaintainosmotic balancey regulating the
passage of specific ion&Proteirs areal ableto recognize other macromoleculssich
aswhenbinding toDNA duringregulation of gene expression and gene replicdfion.
Proteinprotein interactions are responsible for the regulatidsiaddogical processe®

and for the formation of microompartments such as vauftderritin,?* #*

and protein
capsids’® #Therefore, an understanding of the design principles of molecular
recognition will be essential to realizing the full potentiatilefnovoprotein design

technology.



1.2. Strategies for Generatiorof Novel Proteins

1.2.1 Directed Evolution

Giventhat our knowledge of proteifunction relationships remains largely incomplete,
oneway to arriveat novel protein sequences is to adopt the strategy of randomized
mutation and fitnesselection used by living organisms. This strategy has been leveraged
to create novel enzym@&such as a protein that catalyzes the formation of casbiocon
bonds® The need to coupkherandomization of protein sequendeditnessbased
sequence selectiarquires higply specialized technology, which must be built and
optimized for every new featurd interest This technique, while able to generate

proteirs with nativelike catalytic activity, does not lead to an increased understanding of
how protein structuraictaesfunction. More importantly, it is not clear that the space of
the proteinfitness landscape is smooth and countif8at is to say, some chemical
properties might lie on isolated regions of sequence space and not accessible through

stepwise changes in amiracid sequence.
1.2.2. Rational Protein Design

The experimental realization dé novadesignedoroteins vas made possible with the
advent of recombinant gene expressibFor the first time, arbitrary sequences of amino
acids could be selected and synthesized at length scales inaccessible withasdid
peptide synthesi®ased on the sequenstucture relationships learned from naturally
occurring proteins such as myohemerythrin and cytochrddfieecfirst design of de
novofull-length protein targetedteelicatbundlefold. Helical bundles consisif a

coiled-coil motif of Urheliceslinked together by randotoil segmentsT h ehelldes
3



associate with each other by the burial pdtophobic residues at the cared through
hydrophilic interactions at solvent exposed positiddkile early degned proteins were
able toadopt folds with weldefined secondary structure, theke not exhibit the

stability of naturally occurringroteins?’ %

The problem of stability was addresiby substituting hydrophobic amino acids at core
position with histidine residues capable of binding to Zi/hile the objective wato
modulate the dynamics d& novadesigned proteins by incorporating coordination bonds
in the protein core, this was the first instance of a prdigamd interaction in a designed
protein. The realization that these simple proteins could housergeofenolecular
recognition led to the idea afprotein maquette, a simplified protein capable of
recovering the features of complex protkgand systems. Protein maquettes capable of

binding to macrecyclic co-factors, such aheme were designed’

Further progresm the fieldof protein desigmvas enabled by the elucidation of
sequencestructure relationships coilezbils.** The periodicity of the coileetoil motif
createsarepeating pattern afevenamino acid positions termed a heptad repeat, and
chemical properties can be assigé each of theesiduepositions.lt was found that
coiled-coils could be constructed by simple patterning of the amino acid sequence, by
placing hydrophobicesiduesat positions labeled andd. Later studies placed
importance on specific residue iditiels at positionsa andd, as well ast positionsb, c,

e, andg in creating higher order oligomeis



Naturally occurring proteins commonly make use of dynamics to carry out their function.
De novoproteinswith dynamical features, such as afaotor dependent conformational

switch, have also been designed using a rational design stfategy.
1.2.3. Computational Protein Design

The understanding of structurelationships in the coiledoil motif makes it possible to
design novel proteins with baak-the-envelope selection of amino acid sequences. But
to take full advantage of the quantitative information readily available from protein
biophysics and structural Bamy, calculations need to be carried on a computing device.
The first protein to be designed using a computational model was a zinc finger’mimic.
% The desigrstrategy took advantage of the advancements mauelecular dynamics
simulations of proteinpf algorithms designed to identify packing of amino acids in
proteins, anaf statisticscollected on amino acid siadainsconformationsn crystal
structuresDuring the course of the next twenty yedlss $rategywasrefined and
expandd. Successes to date include the desigmovelproteinfolds*’ proteins capable

of binding to norbiological cofactors? inhibitors of proteippratein interactions; novel
antibodies? and the design of-dimensiondl™ *?and 3dimensionaproteinbased

materials>*

1.2.4. Mixed Approach to Protein Resign

The techniques outlined above need not to be mutually exclusive. In practice, a
combination of these techniques canused to arrive at optimal sequences. It is common
practice fa the output from a protein design program to be visually inspected and the
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amino acids identities at some sites selected based on the chemical intuition of the
designer. Selected sequences can be further refined through directed evolution to improve
the @atalytic activity of designed enzymes. Directed evolution carried out on a designed
protein will typically identify amino acid mutations located away from the binding site,
underscoring the deficiencies that remain in the understandihg o¢lationship

between protein structure amblecular recognitiofi’

1.3.Elementsof Computational Protein Design

1.3.1 Foldable Backbone @rgets

Regions of steric overlap regdr the torsional anglesf proteinbackboneresticting the
conformational space that proteins occlp§® Secondary structure elements arers®
be common among proteirand everglobal foldsare found to be redundafitin
designing a novel proteithe target folcheed to be compatible with the accessibfmese
of backbone confirmations and be compatible with a large number of possible
sequenceSThis concept is known as the foldability criteridm analysis otrystal
structures of naturally occurring proteins can serve to identify regions of conformational
space that are easilyaassible by sequence selectidhis does not meathat protein
design need® be confined to the space of known foldable strustitewever, the
selection of adrget backbone scaffold fropmnoteirs with commonly observed folds is
likely to resultin increased probability of achievirsgiccessfutle novadesigrs.>*
Although it can be difficulto quantify, there is also a relationship between protein
stability and foldability. Experimental data on protein thermodynamic stability and

kinetic stability can help in identifying foldable backbone targets.
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1.3.2. Rotamer libraries

In X-ray crystallgraphy, he ability to narrow down the side chain degrees of freedom
allows for better quality model building, increasing ttleances that the crystallographic
data can be fittetb the modet? Toward this purposeRichards first compiled statistics
on the most commonly observed torsional angles of side chains in proteiter
improvements were made to thessecalled rotamelibraries as more structural
information was obtainetf: >> Thesequantitative data can also be incorted into the
computationaproteindesign process.\Bincreasing the resolution beyond simple
hydrophilic-hydrophobic patrning amino acidsan be selected thaill populatestates
compatible withwell-packedproteincores. Amino acid &gde chain conformations are also
important in determininglectrostatic interactia hydrogen bongl interactions between

aprotein and a ligandind interactions across protgirotein interfaces.
1.3.3. Force Field Rrameters

The large molecular sizes of proteins make the energetics of interatomic interactions
intractable taab initio quantum calculations. By modeling thes ofprotein as

classical particleghe energetics can be approximated in a computationally efficient
manner® *’ The choice of force constantsjown inmolecular dynamics derce field
parametersapplied toclassical equationaf motion is important for recovering
experimentally determined structufahturesof natural proteinsBy fitting to a large
number of known structures, these parameters could be optimized as to patwéateof

the energetics thare physically meaningfiif



The force fields developed from the study of natural proteins catilized in
computational protein design to calculate éinergetics of proposed structurédgen
combined with amia acidrotamer stateghe energetics of amino acid pair interactions
can be calculated:he energetics came used inthe formulations of protein design

algorithms to search protesequence space for energetically favorable sequences.
1.3.4. Solvation Models

The force fields used in molecular dynamics are parameterized for explicit solvent, where
the positionof water molecules and the interactions explicitly calculated® *°In
computational protein desigthe energeticsfgossible protein structures arsually

broken down to pairwise residugteractions. The energeticsbtein sequences can be
enumerated by calculating the energy as the sum ebodg and twebody interactions.
Explicit solvent is ot typically incorporated into protein design algorithms due to the
difficulty of assigning atomic positions to water molecules in the calculation of pairwise
interactions’ Implicit-solvent models have been deysd that are tsd orsolvent
accessibility, but solvent accessibilityliilsewise difficult to decomposénto pairwise
interaction> ®?However, asimple dampning of the electrostatic potéakcan be used

to mimic the didectric environment in the interior of proteifisAlternatively, an

empirically derived potential taken from analyzing naturally occurring structarebe
derived’ By setting up an amino acjitopensity based on sa@nt accessibility, the
solventdependent sequence featuregsatiural proteins can be recoveredlénovo

designed proteins.



1.3.5. Algorithms for Protein Design

Once a target folded structure has been identified and the paraofétersalculation
have been specified, the next stepiglentify aset of sequences likely fold into the
target conformation. If one considers all 20 amino acids at each Nfdaeign positions
then the number of possible sequences'ts Phis umber grows astronomically large as
the number of design positions increas® that it is not possible to enumerate through
all possible sequences. This number grows even larger if side chain conformational
degrees of freedom are considereele3al algothms were developeid narrow the
search space and arrive at optimized sequences in an accessible timEfedeadend
eliminationalgorithm was originally intended for repacking of sath&ins on known
backbone structuré$ This algorthmwas expanded for use in protein design by
including rotamer statefor different amino acids at eadesign positiond> **Recently,
algorithmshave been developed that can guarantedtbatructure with tk global
energy minimum can be foufidMonte Carlo sampling can also be used to explore the
sequence space withémarrow regiort® This becomesecessary when an ensemble of

sequences sought aside from just the global energy minimum structure.

The explicit enumeration through sequences posbaléenge. Tie problem of
inaccuraciesn the force field must be addresklirectly byalteringof the force field
parameters. This can entail extensiaimizing of the weights that each force field
component contributes, and adaptihg parameters of ttelvation model§’ The use of

discrete side chain camimatiors, copled with the steepness of thenvder Waals



repulsive term, means that this methodology is extremely sensitive tohsde

placemenf?

An alternative to explicit search methods is to ag&mulation derived from statistical
mechanicsOnecan account for the inaccuracieghe force field,the solvation model
andthe use of discreatide chain conformaticaby maximizing the entropgf the
ensemble of all possible sequence configuratsufgect to an energetic constraint, thus
extractingthe mostdominant features of the emgetics.Sequences are then ranked by
their probability to fold into the desired target, rather than by the full extent of the

calculated interatomic interactions.

1.4. Ongoing Challenges in Protein Bsign

Thecomputational design of ligand binding peots has been faced with low success
rates® There is a need for improved algorithms for searching through a large number of
coordination sphere geometri@sAdditionally, the dynamical feates ofde novo
designedproteins have not been fully exploitadfhile proteins have been designed that
can switch between different conformational states, the ability tceidkantage olbcal

structural fluctuations has not betitly realized.

Proteinsalso possess a degree of surface plasticity made possidlargg number of
conformational degrees of freedonadableto solventexposed sie chainsProtein
design algorithms typically search for deep energetic minima that will cahigh
degree bcertainty as to the final configuration of the side chalie probabilistic

approachhowever,accounts for structural fluctuations in the amino acid side chains to
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averageover all possibleonfigurations This probabilistic approaatould be further
exploited to take advantage of the plasticity of protein surfacetoatebign sequences

compatible with a variety of local environments.

1.5. Overview of Thesis

In this thesis | will describe the work | have carried out toward advancing the field of
protein design. In chapte&; | will describe the various levels of protein design and the
mathematical formulations that go into creating novel proteins. In chpteuill

describe the work | have done tamd the design of a lanthanibénding protein. will

describe the algorithm developed for the search through a large number of structures for
the icentification of a highly dense-€oordinate binding site. | will then describe the
experimental realization of the protein and discuss how the dynamieztssf the

resulting protein were exploited to achieve a degree of differentiation between the
lanthanides. In chaptd | will discuss the work performed to understand the structural
determinants of naturally occurring saisembling ferritin cageswilill discuss how a

single mutation was identified that greatly increased the stability of the cage, as well as
dramatically altered the overall structure of the assembly. By studying selected ferritin
mutants, the energetics of a large conformational ahangld be separated from the
energetics of a single interface interaction. In the last chapter | will discuss the effort to
use the formulation of probabilistic protein design to arrive at sequences that can adjust
their surfaces in accordance to differ&cal environments. This formulation was used to
identify a sequence for a peptide designed teass&mble into a spherical particle with

broken symmetry. Taken together, these efforts will lead to an increased understanding of
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therole ofkinetics andstructural plasticity in protettigand and proteiprotein

interactions.
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2 | Computationallethods inProtein Design

2.1. Introduction

The computational design of protdigand and protehprotein interactions encompasses
multiple levels of structuraletail. The design of a proteligand interaction begins with

the selection of an arrangement of fissiell amino acids around the ligand of interest.

The spatial orientation of the coordination sphere needs to be compatible with the global
fold of theprotein, and the sequence migdtl into the target structure and tapable of
populating thearget amino acid conformationsthe binding site. In the case of the

design of proteiprotein interactions, a set of favorable relative orientations bettheen
backbones needs to be calculated, and the sequence must allow for the population of
amino acid side chains on the interfacial region that leads to the association of the

proteins in the target configuration.

2.2.Generation of Binding Site Geometriegor Molecular Recognition

2.2.1Grafting of Binding Sites

The energetics of sites of molecular recognition can be difficult to determine. This
problemcan besidesteppethy obtaining atomic coordinates for a bindisite from a
experimentally realizedtructure. The incorporation of a predetermined bindiig into
a designed protein is known as graftidgor example, the binding site of a metal
binding protein can be incorporated into a minimateinmodel. Bnding site

geometries can be tak&om small molecule complexes andhfied onto a protein
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scaffold.In addition to experimentally realized structurespgetry optimizatioran be
carried out in amb initio calculationand the resulting structure caa grafted onto a
protein scaffold? The design of novel enzymesfisindedon the fact that proteins
catalyze reactions by stabilizing the transition statéowever, transition state
geometries are all but naxistent in crystallographic structurésGrafting can be used
to incorporate thepredictedransition state bindingite geometryof a proteinligand
interactioninto a predetermined protein scaffold, conferring enzymatic activity to the

resulting protein.

Grafting can also be used in the design of prepeatein interactios. By taking the
amino acid side chains and configurations presentkomoan proteinprotein interface,
an equivalent interface can be incorporated into a degigiotein’® The resulting
protein can thebe usedas a competitivéenhibitor of a native protekprotein

interaction®®
2.2.2 In situ Determination of Binding Site Geometries

As an alternative to grafting, bindirgite geometries cave constructed directly fnm the
rotamer states available to a given set of protein backd6riém this case, oneould
obtaininformation on the bond lengths and andtesn an experimentally realized
structure and restricthose valusin the search for ligand coordination spheres. The
energetis of the side chaitigand and side chaigide chain interactions can be
determined with the use of atomic potentiglile these potentials are low resolution

with respect to electron configation, the provide an indication ahe extenpf van der
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Waals overlap, electrostatic interaction, and hydrogen bonding potéfuwaéver,one
important question arises. Are the torsional angles of the side chains driven away from
their equilibrium pogions by the interligand interactions? To determine if this is the
case, the distribution conformat®of ligandfree and liganédbound side chainsan be
examinedn X-ray crystal structureq hisanalysis was carried out foalcium binding

sites and t was found that the conformations of amino acids in bindinggisao not

veer away fronotherwise populated statés.

2.3.Choosing BackboneTargets from Crystal Structures

Satisfying the foldability criterioiis essential to the success of protein deéigince
foldability is a featurehatis difficult to quantify, this problem can once again be
sidestepped by obtaining atomic coordinates for target backbone structures from crystal
structures of natural proteins. Selecting proteins with high stability, or with commonly
observed foldscan target compatibility with a large number of sequenteis. strategy

has been employed extensively in the desigmovel enzymes and protelrased

materials’® When this strategy is combined with grafting aiding sites, the design
problem can be redudd¢o that of ensuring compatibility between the coordination sphere

and the protein backbone.

An entireprotein Xray crystalktructure need not be takas is. $condary structure
elements u ¢ h-hedices olthndom loopgan be selected from a sabgment o&
proteinstructureand stitched together to construct backbones with novel globalPfolds.
Protein segments can be stitched together by perforcoinglinate trasformationson

each suksegment and calculating their optimal relative orientatid@hs. foldability of
15



such targets can be assessed by a comparison of the geometric features of the designed
backbones to those of natural mios® For example, when two stgegments are
stitched together, theesultingbackbone torsional angles should fall within commonly

observed ranges of torsional angles in natural proteins.

2.4.Parametric Description of Coiled-coils

Global feaures of protein folds can also be described parametrftalige
dimensionality of atomic positions can be reduced to a ggg@hetric parameters that
can therbe used to reconstruct the overall structure of the backdanging the values
of these parameters and calculating the atomic coordinates of the baekbms can be
used to explore otheegionsof conformational spacé&uch alternative configurations
can be scored using atanpotentias, or by comparison to the distribution géometric
parameterdn naturally occurring protein©ne can infer thahie more populated regions
of conformational spaceill likely be compatible with larger numtsssf sequencesnd
thatconfigurationghat diverge fronfrequently observedeometric parametevgould be

more difficult to achieve.

It was realized by FrancBrick that the positins of theatoms alond}helices in a
coiled-coil could be described using a reduced set of paranfefémsidea forreducing
the dimensionalityof protein structures stemmed from the neefit electron densitya
atomic positionsluring X-ray crystal structure determinatiag®ince this procedure is
carriedout in Fourier space, the constant conversion of atomic cooediriatreciprocal
coordinates isomputationally expensiv8y applying Fourier transformatiaio the

parametric equations rather than to the individual atomic coordinates, the calculation of
16



structure factors could be simplified. Such application would operate on the whole set of
atomssimultaneouslyather tharon individual atoms. The parametegjuatons used to
describe coilegtoils can also be usedde novoprotein design to generate novel coiled

coils bysimplyvarying the values of the geometric parameters.

Theatomic coordinates of adealized coileecoil can be described with the follavg set

of equations:

x= R, Cos{igt +£,) + R cosligt +£,) cos(ugt +£,)- R cos(@)Sn(ugt +)sin(ugt +1,)

y=R,sin(ugt +£,)+ R Sn(ugt +7,)cos(gt +,)- R cos(@) cos(wgt +£,)Sn(ugt +1,) (2.1

= MR ¢ R Gna)s
Z—W(a)t R sn(@)sin(wt+7,)

whereRy is the supdrelical radiusR; is the minohelical radius;¥ o is the superhelical
frequency ¥ is the minorhelical frequencyy is the superhelical phase, is the

minorhelicd phase Uis the pitch angle andt is the residue positian

17



Figure 2.1:.Geometric parameters of coiledcoils. Ry is the supdrelicd radius,R; is the
minorhelical radius;¥o is the superhelical frequengcyy is the superhelical phase; is
the minorhelical phas@andUis the pitch angle.

Il n perfectly str ai théminorhetchl axisés paraleltotbe zer o, s
supehelical axis. FORyt 0 r emai n ¢ o n szera, the miwotheicalaxis i s non

must wrap around the superhelical axis, resulting in curved helices. The distance it takes
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for the minorhelical axis to complete one turn around the superhelical axite e

pitch (P), and can be calculated from the pitch angle by:

oo 2R,

~ tan(a) (22)

Grigoryan and BGrado added a modification to enable the displacement of the helices

and decouple it from the major helical ph8%Eor each helix, the superhelical phase is

modified as follows:

x= R, cos{igt +£§) + R cosligt + £{) cos(ugt +£,)- R cos(@)sn(ugt + f)sin(ugt +1,)

y=Rysin(ugt +£§)+ R sin(ugt + ) cos(uit +7,)- R cos(@)cos(wst +F)sin(uit +7,)  (2.3)

= MR ¢ B sy
z—mt Rsin(a)sn(wt+7,)+Dz

fi=f,+ Dztan(a)

w h e rz & themxial displacement.
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In coiled-coils withcurvedhelicest he t er m fir useddod p & ¢ rheliees i d u e 0
need to be clarified The rise per residue can be defined as the distance along the helical

arc length that it tads to be in the plane of the next alpha carbon (termed the minor

helical rise per residue) or the distance along the major helical axis that it takes to go up

one residue (major helical rise per residue).
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Figure 2.2:Geometric parameters of coileecoils. ¥ is the minorhelical frequen¢yx
is the axial displacemertty is the superhelical rise per residue, ands the minorhelical
rise per residue.
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The relationship between the two can be derived from the FécRae equatiot as

hy = —— (24)
(rR)°+D)

wherehg is the superhelical rise per residbgjs the minorhelical rise gr residueand}
is the radians per riseoFaleft-handed}helix, } can be calculated frothe pitch by the

relationship

r=12P (25)

When discussing the geometry of cotleall peptides, it is more convenient to refer to
the superhelicalpph¢y) as t he positional angle-with r

carbon.The supéenelical phase at eattelicalpositioncan then bealculated as:

0

fi=1,- (%HDU (2.6)
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whereL is the number of residue positions at eadixhe

Figure 2.3 Geometric parameters of coiledcoils. R; is the minohelical radius¥o is

the superhelical frequencyoist he super hel i cal phase with
carbone! @ is the minorhelical phase with respect to thmorhelicalaxis and: ; is the
minorhelical phase

In their final form, the Crick equations adapted for axial ofésetresidue centeringre:
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X = Rycos(upt + 7§ ) + R cos(mgt + 7 Jcos(mst +£,) - R cos(@)sin(ugt + 74 )sin(ujt +7,)

Y, = Rysin(ugt +74 )+ R sin(ugt + 74 Jcos(wit +7,) - R cos(@)cos(wgt + 75 )sin(ust +7,)

=48 ¢ R sn(a)s (L+2)hyr
a_tan(a)t Rsin(@)sin(wt+f,)+Dzr + -

wherei denotes the index of the helical positi

2.5. Fitting of Parameters to Naturally Occurring Coiled-coils

To carry out thelimensionalityreduction of the atomic coordinates of a coitexl, one
can set up an objective function that quantifies the differentteestomicpositionsof
the rderence structurfom thoseof the modebenerated by thapplication of the
paranetric equationsThe rootmeansquared deviatio(RMSD) between atomic
positiors can be calculated using the method developegtagh.2? More recently, Dill
and coworkers developed a methoddalculathg the RMSD between two structures
using quaternion® This method solves the same eigenvector problem as Kahsch

does not need to be checked for improper rotafions.

24
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The objective functiomelates a setf Crick parameters to the RMSD between a reference

structure and a model structure as follows:

o N 2 2
-2/
g(W):\/a k:1(|Xk| +l\||yk| max 2.8)

wherew is the vector oCrick parameters to be fitted,are the alpha carbon coordinates
of the reference structungare the alphaarbon coordinateof the modelN is the

number of U amdmehs the magimumteigenvectof a matrix ofvalues

calculated fronx andy.

To calculatesmas, a matrix correlatioiiR) is constructed from the atomic coordinates of

thereference and model structures:

N
R=Q XYl ] 12,3 (2.9)

k=1

wherei denotes thé&h component of the vector.
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From matrixR, a new matrix¥ is constructed as:

23R11+R22+R33 st' Rsz Rsl' F‘)13
: st' Rs.z Rﬂ’ Rzz' R33 R12+R21
e &1' R13 R12+R21 'R11+R22' R33
éa Riz' R21 R13+R31 R23+R32

F=

amax IS found by solving theigenproblem:

FQ=/Q

andamax is the largest of the eigenvalues.

Riz'Rzl g
Rs*tRy O
5 2.10
4R, 5 O
'Ru'Rzz'l'Rssg
(2.12)

In our implementation, we set upsat of C++outinesto calculate atomic coordinates of

Ucarbons using theodified Crick equationsas described abovR andF matrices &

constructed fronthe atomic coordinates of tliécarbors of the reference structure and

from the model generated from the Crick equations. The Ba#\PI is used to interface

between the C++ coiled coil routines and the MatLab routines for solvingpeadems.
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The objective function is passeala nonlinear solveo optimize the values of the Crick
parameters. Thirst and second derivatives with respect to gaafameteare calculated

using the method of finite diffences:

g9 _g(w+hw,)- g(w)
w, h

(2.12)

Tg(w+hw;) fig(w)
Tg _ v Tw,
Twfiw; h

whereh is an arbitrarilysmall valuechosen to achieve downward directionality on the

multi-dimensional surface

2.6. Generation of Protein Loops

T h ehelldal segments of coilecbils can be stitched together with random coil
segments to form fullength singlechain constructs. Such segments can be composed of
poly-glycine stretches, which are known to remain unstructured. However, the flexibility
of poly-glycine loops can result in poor stability of the resulting prot&ifo overcome

this problem, lop segments can be obtairfesim known crystal structuré§ A loop
segment <can b e -hslites minintizng theoRIMSDbbetiveesaitchSitesas

afunction ofrotations and translation¥his methodologyequires precise matching of
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the orientations of the &th sites on the loop and on the helicgisncede novagprotein
design carexplore conformations thataynot have been previously observed, this
strategy may result in a small number of loop candsl&rotein loops can also be

constructed from smaller fragments taken from loop crystal structures.

An alternative is to allow some flexibility in the conformation of the loops. Flexibility

can be allowed for the backbone torsional angles at the stitch sites, or can beéxpand

some or all of the sites on the loop segmBgtrestricting the value of the bond lengths,

bond angl es ftheabactbone, the dimdnsosalityof backbone atomic

coordinates can be reduced to pairsefy ) angl e s, .y )V aalauge se so fc (
extracted from structures of natural proteins and used to reconstruct foldable loop

segments. To connect two helices, a ggll)cine segment is extended from one of the
helicesandselected{, y) angl es ar e f i x e dThe loopidthiee pr ede
closed by manipulation of the free,(y ) angl es until the target

criterion for satisfactory overlap.

A loop-closing algorithm developed by Dunbrack anevaarkers is based on kinematic
equations used in robotid#n angle of rotatioris selected and value of the rotatibat
will minimize the distance between tti@eeC-terminal residue atas on the loop
(termed the anchatomg and thethree atoms onto which the loop will be stitched
(termed the targeitoms. F1, F», andF3 are the position vectors tfietarget atomsand

Moz1, Moz, andMos are the initial position vectors of the anchtoras.
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A new set of anchor positionsl;, M2, andMg, is calculated by minimizing the equation:

O,M, - O,F, (2.13)

whereQOs, O,, andO; aredirectional vectas from the vector of rotation to each of the

anchoratom positions.
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Figure 2.4:Vector quantities in kinematic loop-closing algorithm. F1, F,, andF; are
the position vectors of the target atoms, &g, Mo, andMps are the initial position
vectors of the anchor atom®;, O,, andO; are directional vectors from the vector of
rotation b each of the anchor atom positions, ahds the vector along the axis of
rotation. A new set of anchor positiond;, M, andM3, is calculated that minimizes the
squared distances between the anchor and target atoms.
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A set of vectors is calculated as:

hi =6iM0i
fi=OF, (2.14)
§=F &

where ¢ is the normalized vector along the axis of rotatiamd i is the normalized
vector ofrj, andi is the index of atom position§hese quantitieareused to calcul&id
the angle of rotation that will minimize tilsguaredistancs betweerthe anchor atoms

and the target atonfy the equation

i -§i>n+@-§2>rz+@~f3>a (2.15)
(fi - +(fy B +(fy 7)r

tan(a) =

This procedure yieldsonnectegrotein loops where the bond lengdr angles fall
within targetvalues. However, this procedure does not guarantee that the dihedral angles

will befavorable The resultingorsional anglscan beanalyzed to determine if they fall
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within populated regions on a Ramachandran pladtein loop candidates can be scored

and ranked on the basis of energetic calculations carried out using atomic potentials.

2.7. Sequence @timization

2.7.1. Calculation of Sequence Pobabilities

Once a foldable target structure is chosen, the next task in to hona sequence or set
of sequences thatrelikely to fold into the desired structure. Thésknown aghe reverse
proteinfolding problem.Given a set oN design positions, we can describe an ensemble
q @"“fpossible sequences. We seek to idemtifgember of the ensemble timtikely

to fold into the target structure, whettge probability ofany particular sequence
proportional taheinternalenergyof that sequencm the folded stateThe probability of
asequence is broken downdmino acidsite probabilitiesat eactsite in their respective

conformationg®
N
W(al""'aN):O\Ni(ai) (2.16)

i=1

whereUis the amino acid identity at site
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This approximations used to estimatine entropyby approximatinghe function

S=- é W(protein_states)In(protein_ states) (2.17)
protein_states
as
Jd ¢
S=-aaw(a)nw(a) (2.18)
i=1 a;=1

wherea is the number oflamino acid degrees of freedom at sit€onformaional

degrees of freedom can be accounted for, resulting in the equation:

s=-&4 & wa.r@)inwa,r@) (219)

i=1 a;=1r(a;)=1

whereRdenot es t he number of r oti.dmmheresrn,wet es f C

shall refer to an amino acldin a conformational stat¢U) asa conformer.
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2.7.2. Energy constraint

As in statistical mechanics, the entropy function can be maximized subject to an energetic

constraint by thenethod of Lagrange multipliefsy setting up a variational functi@as

follows:

V=s- b(E)- & (/@ & w(a.r@))- 1) (2.20)
i=1 a; r(a)

where €> denotes thev@rage energy over all conformatioasdb is a quantity

analogous to the inverse temperature in thermodynafrtessum of the conformer
probabilities at each site is constrained to a value 1, with each site having a corresponding
Langrange multipliee.. The setof conformer probabilitiesw) and the set of Lagrange

mu l t i p &)iare solwed fobby identifying a set of values that results in:

0=VV(w,B.A) (2.21)
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Alternatively, the problem can be recast as an optimization problem as follows:

max S(w)
subject to O£ w, £1, (2.22)
a R
aawla.r(a)=1

a;=lr(a)

and U(w)=(E)

where the confaner probabilities are solved for using nonlinear optimization techniques.

In practice, an effective temperaturés targeted to modulate the contribution of the
energy function to conformer probabilities. In this case, the objective function is

optimized as:

minF(w, b) :U(W)-¥
subject to O£ w, £1, (2.23)

and éa. é wi(a;,r(a;))=1

a;=1r(a)

The result is @equence profile generated withnformerprobabilities consistent with

the target values of the constraint functions
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In reality, this formulation need not be restricted to individual grobabilities.
Probabilities can be calculatedrfany arbitrary decomposition of polymer subunits. For
example, a set of covalent crosslinks can be optimized by grouping two distant sites into

one conformer.
2.7.3. Energy Functions

All-atom force fields consist of atonpairwise tems such as electrostatics arahwder
Waals energies, threstom terms such as angle energies,-fitom terms such as

dihedral energies, and maayom terms such as hydrogen bonding energies. For a
particular set of protein conformational degs of freedom, these energetic terms can be
grouped together into int@onformer (onebody) energies and int@nformer (twe

body) energies. From the set of dmady and twebody energy terms, the energy of any

member of the ensemble can be calculated

E(ay 1(@); 1 (@) [ (@)= A 6(a,1(@) + A & & (@.r(@):a,1(@,) (224

i=1 i=L i

whereUis the energy calculated from atomic positions atis'madL] is the energy

calculated from atomic positions across conforna¢rstes and;.
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From a set of individual conformer probabilities, the average groesgr all sequences is

calculated as:

(E)=8 4 & a@.r@)wa.r@)+ (2.25)
i=1 a; r(a)
444444 r@)a.r@)w@,.r@ma,.ra,)

i=1 r(a) j>i a; r(a;)

2.7.4 Energy Constraint in the Context of Protein-protein | nteractions

The entropy maximization formulation also need not be restricted to single polymer
chains. Residue sites can be disti@oliacross two or more individual backbones, and
two-body energy terms across chains will account for the energetics of goobdén

interactions.

The energy function can also account for the presence of an external field. For example,
when designing arotein to bind to a crystal structure model, the conformer identities at
each site on the target structure are in a fixed conformation. Probabilities for the
conformers on the target structure need not be calculated, so that the energy of interaction
acress the interface can be considered as an external field acting on the ensemble of

sequences.
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The energy of any one member of the ensemble can be calcadate

E(a,(a.);a, (&) aur@))=a e@.r@)+ade.r@a,r@) (226

i=1 i=1 j>i

+ é. é. g(a.r(a)z)

i=1 j=1

whereg is the twebody interaction between a conformer and a site on a binding partner

with M sites.

Proteins are able to form assemblies of symmetric arrangements due to the
complementarity inherent in copies of identical subuitsensemble of sequences
interacting with symmetrgelated elements iWwexperience an externéeld energy that

is dependent on the conformer probabilities of the asymmetric unit. The average energy

of the asymmetric unibver all sequences becomes:

(E)=A & & ea,r(@)w(a.r(@a) (2.27)

i=1l a; r(a)

+
Qo=
Qow
Qo

A8 & e(a.r@)a,r@)w @@, @)

i) > aj r(aj)

.ﬂ

QJ°Z Y
Qow

)

a aega.r@)z"rzmwa,ra))
1 a r(ag) m
13888844 e @)z @ wa.r@)w@.ra)

i=l & r(a) m jti oz r(z)
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wherer(g™) is a symmetryelated element afg) on chainM. The %coefficients are

applied so that the energy of a symmetric assembly scales with the nurabgmonetric

subunits as:

<Ea$mb|)'> =M ><Eassymetric unit> (2.28)

where equivalent interactiomse not double counted.
2.7.5 Environmental Energy Constraint

In folded proteins, the propensity of an amino acid to be found in a solvent exposed
region is proportional to the extent of its hydrophobic charabuting the course of
potential energy deulations incomputational protein design, the protsurface is not

yet defined, making the use of solvent accessible surface area (SASA) solvation models
difficult to implement. Instead, we use a statistically der&edno acid propensity based

0 n-cdbbon density to recover sequessticture relationships in naturally occurring

proteins. The potential is defined as:

ela, r)=-T,In(f(a,r)/ f(r)) (2.29)
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wherei Te is an effective temperature, and h ecartfmn density at the resie position.

} is calculated as:

r (a ) = Ny = N
Vsphere ) <Vacoess(a)> :pas - <Vacce$(a)>

(2.30)

wheren,i s t he noarbomsewithinari 8 AbdistancBdj from the sidechain

center of mass, andVseces{U)> is the amino acid accessible volume averaged over a set

of specifiedrotamer caformations. The value of the potential used in the sequence
calculations was det er noarbom dendiyforall@dammac t i ng

acids in set of 500 neredundant globular proteins.
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3| Computational Design of a Lanthani@imding Protein

3.1. Abstract

Lanthanideprotein complexes are of interest for their potential as imaging agents in
biological applications, andspurification agents in separation technologies. Chemical
screening and rational approaches have been uske design of lanthanieleinding
peptides, but the abilityo systematically tune the bindirglte geometry in these

constructs is limited. A kinetically stable protein with a lanthaifoheling pocket

situatedn a region with a high density of neighborisiges would allow for the fine

tuning of firstshell and secondhell coordination spheres. Felelix bundles have long
been used as model systems in which to engineer tunablebimetimlg sitesWe
computationally designealprotein with a fowhelix bundle motif that houses a
lanthanidebinding site in the hydrophobic core. The protein was expressed and purified,
and was shown to be highly thermodynamically and kinetically stable. Fluorescence
resonance energy transfer (FRET) between a tryptophameesitl the bound lanthanide
ion was used to study the thermodynamics and kinetics of binding. Tk&ymometric
nature of the binding pocket will make it possible to use this protein as a model system
for systematically making changes to the coordinatmivese on a single residue basis.
The slow kinetics and the inaccessibility of the binding site will enable the construction

of binding pathways to modulate the kinetic properties of the system.
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3.2 Introduction

The clean energy sector is heavily depena@rthe supply of rare earth elements (REES)
for their electromagnetic and optical properfieBor example, wind turbines make use

of high-powered gsprosium and neodymium magnets, and the reduction and substitution
of these elements is still an active area of investigadtidine increasing shift from fossil

fuels to renewable energy sources is projectedvi® igge to an exponential rise in the
demand for REES. Although a spike in the exploration of new sources of REEs has
identified mineral deposits acrosgetglobe, the near monopoly heldbyn e Peop !l ed s
Republic ofChina on the RE&market is likely to make thdilization of thesedeposits
economically challenging in the near futdfa.he absence of a geographigall

diversified source of these critical elements is of strategic cotaehe hightech and

defense sectoré.Efficient and environmentally benign methods for extraction and
purification of REEs would help to alleviate these supply concerns by facilitating the

exploitation of domestic sources.

The 4f orbitals of elemés in the lanthanide series are shielded by the larger filled 5d and
5p orbitals, and as a seequence these elements Higdnds through mostly
electrostaticinteractions As a resulttheir separatioean bedifficult to achieve through
chemical meandlhe industrial purification of rare earth elements (REES) is most
commonly carried out by solvent extraction, a process that is unsustainable due to its
detrimental environmental impa®tThe extractants in useehighly acidicin orderto

enablethe exchangef hydrogen ions with metal ions.hE resulting solution is
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commonlyneutralized byheaddition of ammoniawhich results is large amounts of

contaminated wastewater.

Proteirlanthanide systems are iaferestfor their potential to serve as purification agents
for use under biological conditioi$Genetically encodable proteinsud potentially be
incorporated into lanthanide bioremediation technologigsAdditionally, protein
lanthanide systems are used in the study of biological sysieoethe spectroscopic
properties of lanthanidemake them useful desminescentags® Peptidesequences

with nonnatural amino acids haeen designed to bind to lanthanid®sut such
proteins lack the ability to be genetically encodahlshort terbiumbinding sequence
based on onlyatural amino acidsas also beeachievedusingan evolutionary
approacH® This peptide sequence, termed the lanthanide binding tag (LBT), showed
nanomolar affinity to lanthanides along wihrend in selectivity as a fation of

effective ionic radius. Thstrong affinity of LBT for lanthanide ions has made it of
particularinterest as a purification agent. The effedtsemuence modifications to
lanthanidebinding affinity have been studié® and the sequence hasen displayed on
the surfaces of bacterial cells for the sequestration of lanthanid®{@®paration
experiments with cell surface displayed LBT showed thatewon binding is favored for
lanthanides ions of smaller radii over larger icabjnding preference was not detected

in equimolar mixtures TH/Dy** or TB*/Nd**,

There is only one knomcase of a naturally occurring lanthanliding protein, a
methanol dehydrogenase enzyme foundrirextremophile bacteriufff’ Lanthanide ions

are knowrbind to C&" binding sites irothernaturally occurring prieins%° and the
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luminescenproperties of terbim have been used to investigate such $¥e&.trend in
binding constants for these systems is generally obsas/adunction ofmetal effective
ionic radius:®® Peacock and coworkers desigraddnthanidebinding trimeric coileecoil
capable of encapsulating gadolinidon use as an NMR contrast agéhitThe flexible
nature of the binding siteade for rapid equilibration of lanthanide binding. This system
exhibited micromolar affinities for terbium and gadolinium, but no discernable
thermodynamic selectivity was observed betwibentwo. The selectivity wwardother

lanthanide ions was not investigated.

The proteinlanthanide systems designed to date have been based on flexible and
accessible binding site®n the other hand, the effscif protein structure rigidity on the
selectivity and the kigtics of Anthanide binding have not been previously investigated
De novoproteirs may serve as starting points for understandingadiod/ing for the
enrichment of one lanthanide over anothéhne field ofde novagorotein design has seen
consideable success imé design ofmetal complexed> *'°The periodic structure of the
coiled-coil motif, aswell as an understanding of gequencestructure relationshipsias
made it a workhorse ofde novaprotein desigri*! In a typical design, hinding pocket is
engineered at thcore of the protein scaffold with likely sidgdain conformations that
are consistent with a given target bindsite geometry. The remainder of the sequence is
then chosen as to achieve the folded target structure, as well as drive the binding site
amino acigto their target conformational states and away from alternate configurations.
If the folding of the protein occurs cooperatively with the binding of the ligand, the

kinetics of bindings ratelimited by the rate of the folding process. If prottifding is
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independent from substrate binding, then the kinetics of binding will bdimated by
the accessibility of the binding sit€he ability to tune the kinetics of binding die novo
designed proteins could enable the exploration of kinete&cteity as a lanthanide

separation strategy.

To explore the possibility of creating protein structures capable of exhibiting selectivity
over the lanthanides, we set out to design a lanthdnidbng pocket at the core of a

rigid protein scaffold. Werevisioned a hypestable protein capable offfirentiating
between the lanthanides the basis ddifferences in atomic radit? We deeloped an
algorithmto search for higtdensity metatoordination spheres, and constructed a 6
coordinate metlbinding site within ainglechain 4helix bundle protein. The designed
protein was observed to be structured in the absence of the metangedaturanelt
experiments showed a lack of a meltpmnt transition up to 98° C. Fluorescence
resonance energy transfer (FRET) was used to assess the binding of terbium to protein.
Consistent with the design, it was observed that heating of the pn@gsinecessary to
allow the metal accessibility to the buried binding site. We performed equilibrium
titrations to obtain binding constants for elements across the lanthanide series, and
observed an overall trend with respect to effective ionic radiugstbansistent with

other proteidlanthanide systems studied previou$fy1°®Half-lives of spontaneous
dissociation from the binding site were observed to be on the order of hours for various

lanthanides, with &rend also observed with respect to effective ionic radius.

Sinceit is difficult to achievehermodynamic selectivity of lanthanide binding, kinetic

differentiation anong the lanthanides providepassiblealternative for carrying out
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separationsRecently, kinetic control of lanthanide separations has come under
attention:™* Here we providgroofof-principle that the dynamical featuresdsf novo
designedprotein could be used tanetically differentiate betweehgand setdased on

small differencesn physical properties.

3.3. Summary of Protein Design Methodology

Lanthanide coordination chemistry is of a different nature than the more familiar
chemistry of the lock elements. Due tieir shielded f orbitals, theoordination
geometrie®f lanthaimde complexesrenot restricted to the symmetry of thealence
orbitals. Therefore, the design of lanthanide ligands is governed almost strictly by the
electrostatic and steric interactions between the lig&fid$e design of lanthanide
complexes witthigh coordination numbergsose achallenge since ligands must be
packedinto a small volumé?!® Thein situgeneration of coordination spheres without

steric overlaps requires searching through a large number of candidates.

In order toefficiently generate large number ofandidate coordination spheres, we
developed a methodology to identffiructures that suppasidechains thatould form
part of a lanthanidéinding ste independently of other siddains in the coordination
sphere. By restricting the positionthf metal ion to a line, in thisase thesuperhelical
axis of the bundlezaxis), side chain conformations could be independemtbluated
according to thie potential tocoordinateo a metal ion. A library of conformations with
potential points of coordation onthe z-axis wascreated. Thisvastermed the super

rotamer library, where supefrotamer is aide chain liganélong witha metal atom
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positioned to bind to the side chain. Full coordination spheres aredhstructedrom

combinations of memiog of the superotamer library.

Thecrystal structuref the GCN4-pV peptidé’® was chosen aa fiducial starting point
template for the design of coilambils capable of housing a lanthanitiending site The
high stability of this constructas evigncel temperaturemelt experiments, led us to
hypothesize that the backbone structuoaiy compatible with a large number of
sequences and would result in a highly stable protein. Theanatilel orientations of the
helices would also enable the construction singlechainhelicatbundle by connecting
the helical segents with shortdop segments. The search for higmsity welpacked
coordination spheres necessitated considering alternate relative orientations of the
helices.The dimensionality of th&CN4-pV tetramer wadirst reducedo a set of Crick
parametersvarying the valus for the minor helical phase atienreconstructing the
helices from the Crick equations generated models with alternate-coiled

geometries

The set of coileatoil candidate structuraesasfurther expandedsing a combinatorial
approach, where stctures were generated frarombinations of individuatelices
constructedrom the Crick equation®\ superrotamer library wasreatedat each helix
and coordinatiospheres were generated from combinations of sigiamers that could
coordinate a metaon at the same point on teaxis Steric and electrostatic interactions

of thecandidatecoordinationsphers were analyzed usingtonic potentials:*’
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3.4. Super-rotamer L ibrary Construction

A superrotamer consists of an amiaeid side chain bound to a metal iory. B
constraining the position of the metalde on the zaxis, a maximum of twsuper
rotamers can be generated from any one rotamer state. Given a certaitoiigaad

distance, the position of the metal relative to the ligand must satisfy the equation

(X- %) +(y- Yo) +(z- ) =R (31)

where &, y, 2) is the position of the metak{ Y., Z) is the position of the coordinating
atom, anR is the ligandto-metal distanceThe cone angle is defined as the angle
between the metal iothe coordinating atom, and the antecedent aguperrotamers

with metal positions that do not meeetone angle criteriocan be removed from the set.
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Figure 3.1: Determination of superrotamer metal positions. Possible metal
coordination sites fomonodentate and bidentategpsarotamers. a) Glutamine siddain
with monodentateoordination. b) Glutamate siddain with bidentate coordination.

Amino acid bond lengths and bond angles were generated using average values found in
a set of 54 iygh-qudity crystal structure$'® Target liganeto-metal distances were taken

from a small molecule complex’®

Amino Binding Mode Coordinating Antecedent Target Maximum Off-rotamer
Acid Type Atom Atom Metal to Cone Angle Conformations
Ligand
Distance
GLU Bidentate Ci Co 2.847 A 20° N2 0 A ,ii10Y
increments
ASP Bidentate Co Ch 2.847 A 20° N2 0 A ;af nogrin
10° increments
GLN Monodentate ou cu 2.359 A 60° None
ASN Monodentate ou Co 2.359 A 60° None

Table 3.1:Coordination geometry of superrotamers. Geoméric parameters for the
search of amino acids with the potential to bind a metal ion ondkes.
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3.5.Calculation of Initial -value Crick Parameters

Atomic coordinates for GCNgV monomer were obtained from Protein Data
Bank crystal structure 2B22. Qaiinates for the tetrameric coiledil were generated
using crystal symmetry transformations in PyM8t.The structure was fitted to
geometric parametersiag the coiledcoil Crick equationdy minimizing the RMSD
between the reference and model structures using the IPOPT opfithaillustrated in
sectons 2.4 and 2.5The coiledcoil squareness wasnstrainedt 0°, andle rise per
residue wagonstrainedo be the canonical value of 1.5 Winimization was carried out
for 3,000 stepsand the final point was used as the optimal parameter set. TB®ORM

between the final model and theference structure was 0.34 A.

Parameter Initial Value Lower Bound Upper Bound Final Value
R 50A 0A 10.0 A 7.28 A
Lac 90° -180° 180° 35.06°
L8b 90° -180° 180° -42.70°
Zot 0A 0A 10.0 A 253A
U 90° 180° 180° 149.65°

Table 3.2:Fitting of Crick parameters to the structure of GCN4-pV. Initial values of
optimized parameters, bounds on problem, and final parameter.values

3.6. Search Terbium-binding Motifs in Coiled-coils

For theset of coiledc 0 i |  p a rcarboa toerdinateserécalculated fronhe
Crick equationsCoiled-coils with alternate orientations of the helices were generated by

varying the minorhelical phase,} for each helix from50° to +50° from the reference
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structure at 5° interval€oiled-coils with alternate superhelical radii were considered by
varyingR, from-1 A to + 1 A from the reference structure at 0.1 A intervEte three

othermaiRc hai n at oms wer e -carbonusihgCHARMM2@ fr om t he
equilibrium bond lengthand angls.The 2010 Dunbrack rotamer libramas usedd

calculate coordinates of sighain conformational staté3Coordinates of offotamer
conformations are also calculatddhe resulting set of sidehain conformational states is

used to construct the sup@tamer library.

Parameter Minimum Value Maximum Value Grid Search Interval Number of Intervals
Value in Grid Search
R 6.28A 8.28A 0.1A 21
La -14.94° 85.06° 5.0° 21
Lg -92.7° 7.3° 5.0° 21
Le -14.94° 85.06° 5.0° 21
tp -92.7° 7.3° 5.0° 21
Metal z coordinate 5.0A 4.99 A 0.01A 1000
Coiled-coil displacement 0.0A 05A 0.1A 6
in x direction
Coiled-coil displacement 0.0A 05A 0.1A 6
in y direction

Table 33: Coiled-coil search spaceStructural degrees of freedom for terbinnding
coiled-coil search.

A combinatorial approach is used to construct the set of possible-coilsdrom

combinations of ‘haidalipsigoss, labeled asssectionsoAf B,abch e U
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D. To consider metgpositions that do ndie exactly on the superhelical axibe coiled
coil hdicesare shifted so that theaxis is positioned of€enter. Twenty-oneuniqueD-
symmetriccoiled-coil structues wereconstructed by varying all heatrotations
simultaneously. Frorthese structures, coordinates for each of the four distinct peptide
helices were identified and recombined to create a full set of asymstetigtures. A
search over all combinatis of helical rotations yields 21or 194,481 independent
coiled colil tetramersBy scanning over values &%, this procedure was usedgearch
4,084,101 nique coiledcoil structures for metal binding 86,000positions(search over

x and y offsets, rad z positions)resulting in147,027,636,000andidateconfigurations.

For a given value oR,and offcenter displacements, theaxis from-5 Ato 5 A is

scanned at 0.01 A intervals foandidatecoordination spheres. At a given point z, the

subset of sperrotamerghat satisfies|zi zo| O 0s.sélebtedywherez, is the metal
position on the supeotamer For bidentate ligandsrotationoft he t er mi nal @6
performed so that both oxygen atoms are equidistant from the metal icardtétionis

larger that 20°% 12 12%he superrotamer is not used in the consttion coordination

spheres
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Figure 32: Bidentate superrotamer selection.Adjustment of terminal dihedral angle

for a bidemate coordinating side chaiat a given metal positioil€arboxylic atoms €C-

O form the blue plane, and the meGabordinatingCantecedenfOrm the red plane. The side
chain terminal 6 angle is adjusted so the

The ensemblé g of all possiblehexameric coilegtoils that can be created frohet

subset of supemtamers ienumeratecandthe energy of each mdiar of the subset
qAm=3,b=23)is calculated, whena is the number of monodentate ligands ansl the
number of Dbidentate |ligands. JAm=BbE3west en
used in the construction of a structure energy landscapéuastion ofR, and &, y, 2)

metalpositioncoordinates.
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Lanthanide Binding Coiled Coil Energy Landscape

Internal energy

_ Radius (A)

Metal z coordinate(A)

Figure 3.3 Structure-energy landscape of terbiumbinding coiled-coils. Two-
dimensional slicat x displacement = 0 and y displacement = 0.

The dihedral and Lennastbnes terms of the AMBER***force fieldalong with a

modified hydroga bonding term are used to calculate potential enefgie$®The

terbium ion is not included in the energy calculations. Energy values are decomposed into
onebody and twebody pairwise term&All one-body energ termsare stored in a single
vector, and all pairwise energy teringhe 194,481combinations of coiledoils are

stored in a single matrix. Pairwise energy terms between two residiedo exist in the

same coileetoil are not calculated.
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Label Radius (A) x displacement (A) y displacement (A)  metal z position (A) Enmin (kcal/mol)

C1 6.58 0.2 0.3 1.76 -101.571
Cc2 6.58 0.2 0.3 1.75 -101.458
C3 6.68 0 0.3 3.74 -100.828
C4 6.68 0 0.3 3.73 -100.632
C5 6.68 0 0.3 3.72 -100.434
C6 6.68 0 0.3 3.71 -100.235
Cc7 6.58 0.2 0.3 1.74 -100.103
C8 6.68 0.5 0.3 4.07 -99.4731
C9 6.98 0.5 0.3 3.14 -96.901
C10 6.68 0.2 0.3 -0.47 -96.1629
C11 6.68 0.2 0.1 -0.66 -96.047
C12 6.98 0.1 0.3 -1.02 -95.9167

Table 3.4: Results of coordination sphere searchLowestenergy terbiurbinding
coiled-coils identified in search.

3.7. Initial Sequence ptimization of Candidate Sructure s

Sequenceptimizationcalculations were carried otd identify candidatethat wouldbe
likely to fold into the target structure aadqot targetbinding site conformations.
Candidate structuseweresubjectedo rounds computational protein design. These
calculations take in as inpuf@ded structure and perform anergy sequence
optimization calculation. The Lennadidnes, electrosiat and dihedral terms of the
AMBERS84 potential with a modified hydrogen bonding term were used for energy
calculations. The 2002 Dunbrack rotartierary was used to build sidshain
conformations, with a maximum of 10 rotamers per amino acid. Apressing step is

performed to remove any higdnergy conformers.
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Environmental potential values were calculated for exposed and buried sites of the
GCN4pV tetramer. These values were used to set the environmental potential targets of
the design calculationéfter each calculation, if any site had an amino acid type whose
probability was twice as much as the next most probable type, the amino acid degrees of
freedom were fixed to that type only. The iterative calculation method was repeated until

no further ges displayed a high preference of one amino acid over the others.

Parameter Setting
Rotamer library Dunbrack 2002
Maximum number of rotamers 10
Force field version AMBERS84

Force field paramers

Electrostatic, Van der Waals, dihedral, hydrogen bond

b 0.5 mol/kcal

Buried beta carbon count O 10
Buried environmental potential target -7.47 kcal/mol

Exposed beta carbon count O 11
Exposed environmental potential target -4.0 kcal/mol

Amino acids allowed Ala, Arg, Asn, Asp, GIn, Glu, Gly, His, lle, Lellys, Met, Phe, Ser, Thr, Trp,

Tyr, Val

Table 3.5: Parameters for sequence calculationsSequence optimization was carried
out by keeping bindingite residues fixed and populating the remaining sites with amino
acid rotamers.

Out of the candidates in ke 4, Lill sequence design calculations were carriediwait
lowest energy candidate at each of the local minithavalue of theenvironmental
potential was out of range ftiie structure C#lue to its short radius, and therefore th
structures in thigocal minimum were disregardet@he next structure at a different local

minimumwas C3 butthe final sequenceontained a total of 11 glycine residues. Glycine
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residues are knowto disrupt alphahelix formation, therefore th&tructure at this local
minimum werenot taken into further consideration. We chose to limit the search to
structures witha value ofRy > 6.68 Ain order to avoid sequences with ageamumber of
glycine residues, sincéé calculations are likely to seledygne as highly probdé
whensites are in close contadthe most probable sequence &8 resulted in aonstruct
with 8 glycine residues, whilgequence optimization @12 resultedin amost probable
sequence with no glycine residu&sis structure was labeled as J®G andselected as

the coiled-coil motif for a singlechain helical bundle.

Figure 3.4 Structure of CC-Tb. a) Side view. b) Top view.
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3.8. Loop Modeling

Based on the results from the previous calculationC®& b structurewas selected for
further designLoop modeling calculations were carried out to connect the four chains of
the tetramer so that the protein could be eventually expresg&edaii as a single

construct. The ArdBB databasg&’ *?®of protein loop was used to find set§ backbone
torsional angles that have been observed experimentally. A cyclic coordinate descent
algorithm was used to attempt to close loops between the é&iiiedly, the procedure

for conrecting two chains via a looptise following:

1) The C terminus of one chain is assigned as the anchor site, and the N terminus of

another is assigned as the #irgite.

2) From the anchor site, a glycine chain of desired length is constructed and an
additional site is added tbheend. The algorithm aims to place this last residue in

the same position as the target site by adjusting only backbone torsional angles.

3) The Arch database is accessed for experimentally observed loops of equal length.

Only the subset of helikelix loops is used.

4) Nonterminal loop angles are adjusted to match those of the selected Arch

database entry.

5) One of the remaining free torsiormin gl es i s chosen at rando

first loop sitecand vy, | aahdl pppasdttearget site
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6) Cyclic coordinate descent equations are solved. If the RMSD between the anchor
site and the phantom anchor site is less thai\pthen the lop is considered

closed.

7) Each successfully cloddoop is scored using the AMBER®é&tential with a

modified hydrogen bonding term.

8) Sequence optimization is performed on the loop sites. All amino acids types are
allowed and side chain torsional angles taken from the 2002 Dubrack rotamer

library. A maximum of 10 rotamer conformations are allowed per amino acid.

9) Average potential energy of ensdmbf sequences is used to ramkler the

loops.

Chain D was connected to chain A, and this segment was ohain X. Chaii\ was
connected chain B, and chain C to chain D. These two segments, named chain Y and
chain Z respectively, were calculated simultaneously so that bothwmypsaken from

the same template structuge451 helixhelix loopsof lengthsever®® were used for each

of the connectins. Loopsvere rankordered on the basis of average potential energy
over all sequence€omparison of backbone torsional angles with known Ramachandran

distributions was carried out in MolProbit3f
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Template PB Average Energy Ramachandran

ID Template Chain First Residue ID (kcal/mol) Allowed®
1XJA C 141 -348.8810334 No
1YJ4 A 100 -347.6050033 No
4C9N A 220 -347.0883921 No
20EZ A 31 -345.9589487 No
3GJIX A 573 -345.2512642 Yes

Table 3.6:Loop selection forsegment X.Top 5 for loops of length 7As determined by
MolProbity analysis.

Template PDB Average Energy Ramachandran
ID Template Chain First Residue ID (kcal/mol) Allowed?
3KD3 A 23 -363.2446757 No
2CE7 C 384 -350.8490499 Yes
2IFC C 218 -349.9256911 No
3HLO A 179 -348.6219712 No
1HJIR A 111 -347.9766621 No

Table 3.7:Loop selection for segments Y and ZTop 5 results for loops of length®As
determined by MolProbity analysis.

Based on the results of the Ramachandran analysis, template 3G3¥lectsd for loop

X and template 2CE7 was selected for loops Y and Z.
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Figure 3.5 Selected loops for scC&b. Loop X (cyan), loop Y (magenta), and loop Z
(yellow).

3.9. Final Sequence 8lection

Full sequence design calculations were carried out fositigge chain scaffolith the

same manner asdicated abovéor the tetrameric coiledoil. Six rounds of iterative

design calculations were carried olihe resulting probability profile was used to guide

the selection of the sequence. Polar residues aswided in the vicinity of the binding

site in order to create a hydrophobic sphere around the metal binding site. This was done

to prevent water accessibility to the binding pocket, as well as to prevent unwanted side
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chain to metal interactions suchtastidinelanthanide bonding®* ***The most probable

amino acid was selected at each site, except in the following cases:

Site 26:Phenylalanindsecond most probablé)stead of tryptophan at site 26 to
allow for only one tryptophan residue in the sequence.

Site 127 Tryptophan(second most probabléjstead of histidinéo be used to
detect binding vidorster resonance energy transfer to terbium ion.

Site 48:Leucine(third most probableinstead of histidinéo avoid histidine
residue near metdlinding site.Phenyalanine (second most probable) not chosen
to avoid bulky amino acid at helixelix interface.

Site 55: Aspargine (second most probabléjstead of histidine at site 55 to avoid
histidine residueear metabinding site.Polar group was allowed at this site
given that glutamine (second most probable) is also polar, and phenylalanine
(third most probable) is bulky.

Site 122:Leucine(third most probablenstead of histidine to avoid histidine
resdue near metabinding site Alanine (second most probable) was not chosen
to avoida cavity tothe binding pocket.

Sites 31 and 1035lycine instead of lysine to allow flexibility &tleft position on
loops.

Site 73:Glycine instead of tlronineto allow fle x i b i Feft pogitioa dn loap.
Site 14: Isoleucine insteaduggmate to remove carboxylageoup near metal

binding site.
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The final sequence selected was:

DDDARKIIDKARNINKKALNIIQDAFKILIGSPKPSIKDVDKIIRQIL
QQESKQNDIFKKIRQEIGKVPKPGGDEARKLVEQVEKIEKSVIQLI
KQVLNHVSGTPKPNTDEVAQLLNQIINLEKQQWQLLTKIYQHM

and was named scCth. A side chain modelingalculation was carried owtith the
final sequence. The most probable conformation was used as the model for subsequent

calculations.

3.10 Analysis of Coordination Spohere

The coordination sphere stCC-Th was compared to that of LBT. Analysis began by
aligning the two bidentateide chainsn LBT with structurally similarside chainsn

saCC-Th, and proceeded by adding cside chairat a time to the alignmén

Figure 3.6 Comparison of bidentate side chains in LBT coordination sphere with
coordination sphere ofsaCC-Th. Oxygen atoms of Glul1l2 and Glul09 in LBT were
aligned to Glu123 and Glu51 §tCC-Th, resulting in an RMSD of 0.046 A.
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Figure 3.7 Comparison of three side chains in LBT coordination sphere with
coordination sphere ofsaCC-Tb. Backbone oxygen atom of Trp107 in LBT and oxygen
atom of GIn54 insdCC-Th were added to the alignment, resulting in an RMSD of 0.267

Glul12

Figure 3.8 Comparison of four side chains in LBT coordination sphere with
coordination sphere of scCETh.2 car bon atom of Aspl05 and
were added to the alignment, resulting in an RMSD of 0.273 A.
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Glu112 |

Figure 3.9 Comparison of five side chains in LBT coordination sphere with
coordination sphere of scCCTh. Oxygen atom of Asp101 in LBT and oxygen atom in
GIn126 were added to the alignment, resulting in an RMSD of 0.350 A.

Figure 310: Comparison of all side chains in LBT coordination sphere with
coordination sphere of scCCTb. The 6" side chainin LBT and scCC-Tb lie on
opposite ends of the coordination sphere.

Five out of the sixside chainsn the coordination spheres of LBT asaCC-Tb are in
close agreemerats judged by an RMSD 6350 Afor the atans indicated in Fig. 3.11

This similarity in the arrangement of atoms about the metal position was arrived at
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without any input from the LBT structur®f particular interest is the overlap between
Trpl07 in LBT and GIn54 iscCC-Th, where the coordinatgnbackbone atoms map onto
coordinating side chain atoms in our desiglso of note is the fact that BW insaCC-

Tb adopts a bidentate coordinatidmt Asp105 in LBT shows monodentate coordination.
This suggest that optimal higlensity packing arragemes side chains around a
lanthanide ion are limited, even when allowing for differences in binding modes.
However, Asnl5 in SEC-Tb andand Asnl103 in.BT do lie on opposite ends of the
coordination sphere. To determine if LBT has indeed arrived at th@desble
coordination sphere packing arragement possible with natural amino acids, variants of
scCCTb could be designed that place all six side chains in the same position of the

coordination sphere and the change in the lanthanide binding affinitesbtmoieasured.

3.11 Molecular Dynamics Simulation of Full Construct

In order to ascertain the viability of the design structure to bind to terbium with
the predicted coordination sphere geometrystfC-Tb model was subjected t®ms
of molecular dpamics simulation using the CHARMM22 -atom force field. Force
field parameters for the terbium ion were taken from those of the calcium ion, and the
charge was set to +3. However, the CHARMM22 parameter file provides two different
atomic radii for calaim. The structure for the lanthanidending tag (PDB ID 2B22 and
chain A) was minimized for 10000 stepsNAMD*** using both radii for the terbium
ion, and the parameter that best fit the crystal strusideectain-to-metal distances was
chosen as the one to use in the simulations. A value of R = 1.7 showed better agreement

with the crystal structure for 4 out of the 6 ligands.
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Amino Acid Residue Ligating Atom to Metal Atom to Metal Atom to Metal Distance
Atom Distance (A), R = 1.367| Distance (A), R = (A), Crystal Structure
1.7
D101 ot 2.04 2.28 2.26
N103 ot 2.21 2.43 2.23
D105 ou 2.06 2.35 2.38
w107 e} 2.33 2.50 2.30
E109 cu 2.52 2.74 2.81
E112 cu 2.57 2.79 2.83

Table 3.8: Selection of TB* VdW radius parameter. Ligand-to-metal distances after
10000 steps ahinimization for the lanthanidbinding tag.

ThedesignedsaCC-Th model structure wasken agheinitial configurationand placed
in a 50 x 50 x 95 Awater box with 0.15 mol/L NaCl. Forces betweéonas were
calculated every 1 fs, assuming rigid bonds. A 12.0 A cutoff distance felbomaed
interactions was used with a switching function at 10.0 A. Liamge electrostatic
interactions were calculated using the partiolesh Ewald method, with full
electrostatics calculated every 2 steps. The NPT ensemblesedst a temperature of
320° K 1000 conjugate gradient minimization steps were conductiémlyéa by ® ns

of simulation time Calculations were carried out in NAMD.
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Backbone RMSD Trajectory
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Figure 3.11 Trajectory of scCGTb simulation. Backbone roemeansquaredeviation
between the initial model and the simulation trajectory.
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Dihedral Angle Trajectory for Asn15 with Terbium lon
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Figure 3.12 Dihedral angle deviations of asparagine 15 andg, torsional angles of
asparagine 15 along the simulation trajectory.

Dihedral Angle Trajectory for GIn54 Terbium lon
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Figure 3.13Dihedral angle deviations of glutamine 54, 6, andcs torsional angles of
glutamine 54 along the simulation trajectory.
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Dihedral Angle Trajectory for GIn126 with Terbium lon
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Figure 3.14: Dihedral angle deviaions of glutamine126. G, 6, andgs torsional angles
of glutaminel26along the simulation trajectory.

Dihedral Angle Trajectory for Glu51 with Terbium lon
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Figure 3.15Dihedral angle deviations of glutamate 51¢,, 6, andgs torsional angles of
glutamine 51 along the simulation trajectory.

70



Dihedral Angle Trajectory for Glu87 with Terbium lon
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Figure 3.16 Dihedral angle deviations of glutamate 87, G, andGs torsional angles of
glutamine 87 along the simulation trajectory.
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I I I I I I I ] I |
Chi1
300 | Chi2 -
Chi3
& Model Chi1 ———
i} Model Chi2 ——
o 200 Model Chi3 —— —
g .
=}
o 100 |
= :
c
< "
g 0 g e : s 4
(0]
<
O Ak b s
-100 +
e s e i AL i s s i
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

Time (ps)

Figure 3.17 Dihedral angle deviations of glutamate 123, G, and g torsional angles
of glutamine 123 along the sitation trajectory.
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Coordination sphere side chains remaipeslalentlyin their target conformaticover
the course of the simatiion trajectory, leading us to/pothesize that scGTb would be

promising for experimental studies lmhding to lanthanid ions in solution.

3.12 Experimental Characterization

3.121. Protein Expression and Purification

The N terminabequence MSSHHHHHHSSENLYFQ&as added to the scCth

sequence to provide for a nickedlumn binding tag, andtabacco etch virus (TEV)
proteasecleavage siteTEV protease was selected for its high specificity, although a

trailing glycine residue would remain after cleavagé414 vector withPTG-inducible

T7 promoter andrapicillin resistance was purchased from DNAZP®Gsmids were

trarsformed inE. coliBL21-CodonPlus(DE3RIL cells and grown overnight on agar

ampicillin plates. Single colonies were incubated overnight in 10 mL of Lenox Broth

(LB) medium at 37 °C while spinning at 275 RMi#th1 00 e g/ mL ampi ci | | i1
eg/ mL chlorampheni col .1LOB withangbticsvatthee t r ans
same concentration€ells were grown at 37 °C at 2R%M andthe OD600 reached

DO. 61T0.8. Cells wer e i-Dd-thiogabkttopyranodide IPTGM i s oy

at 37 °C at 27RPMfor 3 hours
3.122. Attempted Purification from the Soluble Fraction

Cell pellet was combined with 5 mL/g of Bugbuster Master Mid1 pellet of protease
inhibitor cocktail per 10 mL of solution. Solution wagated for 30 minutes at room

temperature. Solitn was spun fofl5 minutes at 1100 rpm at 4 °C, and the supernatant
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was collected and filtered through a 22 &m
HisPrepFF 16/10 column on an AKTA FPLC instrument (GE Healthcare). Solution was

loaded onto column in HIS start buffer (20 mM T2 mM imidazole, 150 mM NacCl

pH 7.5) and eluted with 60% HIS elution buffer (20 mM Tris, 500 mM imidazole, 150

mM NaCl, pH 7.5).

Pre
HIS P

glgks)rDuel Insoluble Filtered Fou.- =0 Ei'uiigr:ep

Standard raction Lysate through

Figure 3.18:Gel electrophoresis of scCCTb.The expected molecular weight of the
uncleaved protein is 17,918 Da. A dominaatkdband at this range was observed in the
sample from the insoluble fraction. Although bands at this range were observed for the
soluble fraction, no overexpression relative to the other bands was observed. Minimal
protein at this MW range was recovereg HIS column purification, although some
separation could be observed from the column fibeugh. These results indicated that
indicated that protein isxpressed mainly in the insoluble fraction.

Sodium docecyl sulfatpolyacrylamide gel electropholiegSDSPAGE) indicatedthat
the bulk of the protein was expressed in the insoluble fraction. The soluble fraction also
shows a larger amount of impurities.
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3.123. Purification from the Insoluble Fraction

Cell pellet was combined with 1@L/g of refolding buffer (50 mM Tris, 140 mM NacCl,
pH 8.0) and1 pellet of protease inhibitor cocktail per 10 mL of solution. Solution was
sonicated Solufion was spun for 15 minutes at @20 rpm at 4 °C, and the supernatant
wasdiscarded. Thensoluble fraction was coomed with5 mL/g of denaturing buffer
(8M urea, 100 mM Tris, pH 8.9nd1 pellet of protease inhibitor cocktail per 10 mL of
solution. Solution wasotated for ® minutes at room temperature. Sauatwas spun for
15 minutes at 1000 rpm at 4 °C, and ¢hsupernatant was collectdt the sipernatant
solution wasadded7 mL/mL of refolding bufferin a dropwise manner while stirring.
Thefinal urea concentratiowas1M. Solution wasagain spun for 1&inutes at 1000
rpm at 4 °C, and the supernatantwas | | ect ed and filt &red thro
solution was injectedrnto a column packed with 10 mL of nickleladed HISbhind resin
(EMD Millipore Corp) onFPLC. Solution was loaded onto column in HIS start buffer

and elued with 60% HIS elution buffe

Elution peak fractions were concentrated down to less than 2 mL by transferring fractions

to an Ultral5 10K Centrifugal Filter Device (Amicon) and spinning at 6,000 RPM.

Solution wascombined with 10 mL of TEV protease solutibori | t er ed t hr ough
filter, along in 1 mM1,4-dithiothreitol(DTT) and 0.5 mM thylenediaminetetraacetic

acid(EDTA). The solution was injectezhto aHIS Prep 26/10 desalting column (GE

Healthcare) antluffer exchanged into a TEV cleavage bufted mM Tris, 140 mM

NaCl, pH8.0). Pooled fractions weiscubated at 4 °C overnightthe same

concentrations of DTT and EDTAEYV cleavage reaction produdjected ontcHIS
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Prep 26/10 desalting column abdffer exchanged intbllS start buffer. Elution was
loadedonto HIS-bind resin column in HIS start buffer anitbw-through was collected.
Fractions were concentrated down to less than 12 mL by transferring fractions to a
Ultra-15 10K Centrifugal Filter Device and spinning at 6,000 RPM. Solution was injected
onto HIS Prep 26/10asalting column anbuffer exchanged intecCGTb buffer (250

mM MES, 140 mM NacCl, pH 6.0). Elution was concentrated down to less than 2 mL by
transferring fractions toreUltra-15 10K Centrifugal Filter Device and spinning at 6,000
RPM. Solution was loadkonto HiLoad Superdex 16/10 column. Protein eluted as a
single peak andhe protein concentration was determined by-\i&/absorbance at 280

nm. Proteinyield was10.4mg/L of LB broth
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Figure 3.19 SDSPAGE of scCCTb purified from the insoluble fraction. The
expected molecular weight is 17,918 fa the uncleaved proteirand 15821.45 Da for
the HIStag cleaved proteirRrotein is refolded by drewise addition of refolding buffer,
and recovered by HISolumn purification. TEV protease is used teasle off the HIS
tag, and removed by Hi€olumn purification A drop in molecular weight is detected by
the difference in migration distances of the Hi&umn purified product and the TEV
cleavage reaction produéiinal purification is performed by gdiltfation.

Mass was confirmed by matrassisted laser desorption ionization tiofeflight mass
spectrometry (MALDITOF MS). Sinapinic acid was used as a maand the instrument

was operated in linear positive ion mode.
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Figure 3.20 Confirmation of HIS-tag free scCCTb identity by MALDI -TOF MS.
Expected molecular mass of sc@® with trailing glycine residue is 15821.4m. M+1
and M+2 peaks confirm the identity of the protein.

3.124. Circular Dichroism (CD) Spectroscopy

CD measurementaere colected using an Aviv 410 CD spectromefaviv Biomedical,

Lakewood, NJ). Temperaturaelt experiments were carried out using a 1 mm quartz
cuvette(Starna Cells)atpr ot ein concentration of 15 &M i
MES buffer. Hipticity at 222 nm was monitored as a function of temperature 86AC
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to 70°C in 1 °C steps. The temperature was equildgdor 1 min at each step, arebt

signal was averaged/er 300 sA structural rearrangement of the protein was observed

to occur while heating to 70° C. Temperature cycle was repeated to determine if protein
had achieved a stable folded st#eecond temperature ramp showed no significant

structural rearragement and no hysteresis upon cooling to 25° C.

Second Temperature Ramp of scCC-Tb

e=t==Ramp Up

26 w=l=Ramp Down

Mean Residue Ellipticity (1073 deg cm"2 dmol*-1)

Temperature

Figure 3.4: Structural effect of temperature ramp on folded scCGTb. Measurement

of meanresidue ellipticity as 222 nm as a function of temperature indicates that the
folded protein can withstand temptnae ramps to 70° C

A thermal melt washencarried out from 4° C to 95° C to determine is protein retained
its structure after heating. No meltipgint transition up to 95 °C and no significant
hysteresis were observed upon cooling to 4 °C, indicaiagprotein is highly stable

even in the absence a bound metal ion.
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Temperature Melt of Annealled scCC-Th

s=gm=Ramp Up

=@=Ramp Down
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3 13 EE] 33 43 53 63 73 83 93 103
Temperature

Figure 3.22 scCGTb temperature melt monitored by CD spectroscopy.
Measurement of meamesidue ellipticity as 222 nm as a function of temperature indicates
that the folded protein dsenot undergo a melting transition up to 95°C. Protein returns
to fully folded state upon cooling.

Having confirmed that temperature annealing is needed for the preparationagfothe
sample, and that 70° temperature cycles do not disrupt the struttbeefolded protein,

we performedCD measurementsn samples odpo andholo scCGTbh. Thermo cycling

steps were carried out by incubating the samples at 70° C for 20 minutes, and cooling in a
room temperature bath for 3 minutes. Samples were centrifogedi rhinutes at 16,100

RCF at 25° C. For the preparation of teo samples, two thermo cycling steps were
carried out to ensure that protein reached a stable folded state. For the preparation of the
holo sample, one thermo cycling step before additiothefmetal ion was performed, and

thermo cycling was repeated after addition of the metal ion.
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Wavelength scans were carried out on sampleposcCGTb andholo scCGTb using
0.1 mm quartz cuvette (Starna Cells) at a protein concentration veadb0i n 140 mM
NaCl and 250 mM MES buffeHolos a mpl e was prepared by incu

with 3 equivalents of Tbh(Ng)s.

CD Wavelength Scans of Apo and Holo scCC-Th
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Figure 3.23 CD wavelength scans foapo and holo scCG-Th. Scans from 260 nm to
196 nm s how ahelical signarnsisteni with theadesign modépoand
holodo not exhi bi-helica characterf imdicating that thé proteld is folded
in the absence of the metal.
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Wavel ength scans -Bbbivcal chagaetlekcalceonfcr bhin
charater of theapoandholo protein. Spectra were nearly identical for #poandholo
protein,indicatingthat theapo protein if fully folded in the absence of the metal, and that

binding to the metal ion does not induce any further folding.

Thermal mel were carried out on sampleslob  apbscCGTb andholoscCGTb
from 25° C to 95° s indicatedor above Holo sample was prepared by incubating

protein with 10 equivalents of Th(NR.

Thermal Melts of Apo and Holo Protein
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Figure 3.24 scCCGTb temperature melt of apo and holo forms monitored by CD
spectroscopy. Measurement of mearesidue ellipticity as 222 nm as a function of
temperature indicates that the folded protein does not exhibit an appreciable change in
thermal stability upon binding to the metal.
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Theholo protein does exhibit an enhancement in stallitgr theapo protein,

confirming that theapoprotein is in a fully folded and stable state.

3.12.5. Fluorescenc®/avelength Scans

Fluorescencspectra were recded on a Cary Eclipseutbrimeterspectrophotometer
(Varian) usinga 108 L q u a r tofzl cro path ength éStarna Cellg)n excitation

slit width of 20 nmandan emissionlg width of 5 nm were usedsamples were excited
at 280nm andfluorescence was collected at from 450 nm to 700 nm in 1 nm intervals
with 5 second avaging. Experiments were carried ouf Z5using a 360 nm high band
pass filter with a PMT voltage 0800 V.So | ut i o n spoandhol&pboteia Were

prepared, with th@olo sample incubated with 3 equivalents of Th@EHO

Free terbium ions exhibibWw fluorescence signal due to weak photon absorption, and
nonradiative decay of electronically excited states by vibrational quenching of
coordinated water molecules. Fluorescence emission of tetipomexcitation of
aromatic residues would indicateRET between the protein and the metal ion, and

expellingof water molecules from the terbium coordination sphere.
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Fluorescence Wavelength Scans of Apo and Holo scCC-Th
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Figure 3.25.Fluorescence wavelength scans @fpo and holo scCGTb. Fluorescence
enhancement of terbium is observed when compared to addamie with no protein.

Measurements of the fluorescencéolo protein upon excitation at 280 nm results in a
characteristic terbium emission spectrum, with enhance fluorescence observed over a
proteinfree sample. This result indicates that theiterbion is binding to the protein,

and that the protein is replacing water atoms in the coordination sphere of the terbium

ion.
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3.125. Fluorescence Ttrations

Fluorescencspectra were recded on a Cary Eclipseutbrimeterspectrophotometer
(Varianpusngal2 L q u ar tofzl.5 onon paghtlenhgéh (Starna Cell8h excitation

slit width of 20 nmandan emissionlg width of 5 nm were usedsamples were excited

at 280nm andfluorescence was collected at 544 nm &t %ising a 360 nm high band

pasdfilter, with a PMT voltage 0800 V.Samplesver e prepared by incub
50 &M protein at 70A C for 20 minutes, and
minutes. Sampkwerecentrifuged for 3 minutes at 16,100 RCF at 25TRermo

cycling sep was carried out two times to ensure that protein was folded to a stable state.
Terbium titration was performed by adding 0.2 equivalent aliquots of THEN®250

elL of pr oThermal cydirsg @ kcemtrifugation were repeated after every

aliquot addition of metal ion to prepare equilibrated samples.

Data was fitted to a 1:1 equilibrium binding modél
M+L U ML (3.2

where M it the metal ion, and L is the ligand (in this case the protein). The expression for

the dissociation constant is:

- [_'[\I’\'/I] [LL]] (33)
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Substituting the mass balance equations:

M. = [M] + [ML] (3.4)
L,=[L] +[ML]

and solving for [ML] yields the function for the formation of the méigdnd complex

as:

[ML] =05 " (K + Ly +M;- J(-Kp - Ly -M;)? -4LM;) (3.5)
The fluorescence data is fitted to the model as:
F=F +DF3 [ML] (3.6)

where fluorescence measurement (F) changes from the fluorescencemd-fretein

(R) as a function of [ML]. o@F accounts for
protein from their unbound states to their bound states.

The titration data in Fig 3.24 indicate 1:1 binding of the terbium ion to the protein as
observed from t he tr anrf'sadded Ritmgoftherdat®tothed at 5
equilibrium binding model results in a calculategof 11.76 + 5.8 with a 95%

confidence interval.
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Figure 3.26 Fluorimetric titration of Tb **binding to scCGTb. Binding isotherm data
was collected at pH 6, and fit toka value of 12 + & M Protein concentration was 50
e M.

Dissociation constants for other lanthanides weterthined bycompetitive binding

experiments between a terbium loaded sample and the metal of interest. Fluorescence
measurements were collected as indicated above, where now the decrease in terbium
fluorescence is measuras a competitive lanthanide igntitrated into the solution.

Samplewwer e prepared by incubating 250 €L of 5
and cooling in a room temperature bath for 3 minutes. Samples were centrifuged for 3

minutes at 16,100 RCF at 25°C. Toeaample 1. 5 ¢ L ofgs;®aSaddel Tb ( NC
to obtain a3:1 ration of metal to protein. Thermo cycling was repeated and samples were

again centrifuged.

Titrations were performed by addidgs equivalent aliquotsf Ln** (Ln = Gd, Eu, Sm,

Nd, La)tosampleo f 50 &M protein | odlkmedgoingtnd 150 ¢ |
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centrifugation were repeated after every aliquot addition of metal ion to prepare
equilibrated samples.
Fluorescence data was fitted to an equilibrium model of two simultaneous competing

reactions:
L+AU LA, L+BU LB (3.7)

where L is the prois, A is the terbium ion, and B is the competing lanthanum ion. The

dissociation constants for each reaction are:

K, =LA LB (38)
[LA] [LB]

The mass balance equations are:

A, =[A] +[LA] (3.9)
B, = [B] + [LB]
L, =[L] +[LA] + [LB]

The derivation of the equation for the relation betwéenfluorescence signal and the

formation of [LB] can be simplified by assuming a full saturation of the protein, making
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[L] arbitrarily small. In the case of micromolar affinities, this approximation may not

hold true. An exact solution was derived by W&ngs:

[LB]: BT, {2\/(a2_ Sb)COS(Q/B)_ a} (310)
3K, +{2y/(a? - 3b) cos(g/3)- a}

where:

-2a’+9ab- 27c
2./(a%- 3b)®
a=K,+K;+A;+B;-F (3.11)
b= KB(AT' PT) + KA(BT' PT) + KAKB
c=-K,K;P;

g = arccos

Fitting of the competitive titration data to the equilibrium binding model results in
calculated dissociation constants for other metal ions in the lanthanide lgnvas set

to the value calculated from the direct titration of terbium to protein.
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Figure 3.27 Competitive fluorimetric titration of Gd** binding to scCC-Tb. Binding
isotherm data was collected at pH 6, and fit Kdavalue of 1 M.
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Figure 3.28 Competitive fluorimetric titration of Eu ** binding to scCGTb. Binding
isotherm data was collected at pH 6, and fit Kdavalue of & M.
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Figure 3.29 Competitive fluorimetric titration of Sm ** binding to scCG-Tb. Binding
isothermdata was collected at pH 6, and fit t&évalue of 1& M.
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Figure 3.30 Competitive fluorimetric titration of Nd ** binding to scCGTb. Binding
isotherm data was collected at pH 6, and fit Kdavalue of 1& M.
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Figure 3.31 Competitive fluorimetric titration of La ** binding to scCGTb. Binding
isotherm data was collected at pH 6, and fit Kdavalue of 16G M.

Fitting of the data to the equilibrium models was carried out by nonlinear regression
using the MatLab curve fitting toolbox. The values the dissociation constants

calculated for the set of lanthanide ions, along with the goodaridtsvalues, are shown

in Table 3.9.
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Lanthanide Kd ( & M Error with 95% SSE R? Adjusted R RMSE
ion confindence
interval

Terbium 11.76 +5.8 0.2145 0.9921 0.9909 0.1284
Gadolinium 12.88 +3.25 0.04395 0.9966 0.9957 0.07412
Europium 9.131 +0.546 0.003184 0.9998 0.9997 0.01995
Samarium 9.686 +0.931 0.007616 0.9995 0.9993 0.03085
Neodymium 18.18 +4.59 0.04052 0.9969 0.9962 0.07117
Lanthanum 159.5 +194.7 0.05236 0.9844 0.9805 0.0809

Table 3.9:Determination of dissociation constants for lanthanides binding to scCC
Tb. Terbium binding isotherm was fitted to a twtate equilibrium model. Binding
constants of other lanthanides were determined bgdittompetitive binding isotherms
to athreestate equilibrium model.

The data show a trend in dissociation constants as a function of effective ionid Faglius
3.30) These data indicate the designed protein exhibits selectivity for lanthanide ions of

smaller radii (Th, Gd, Eu) over the larger lanthanum ion.
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Figure 3.32 Free energy of binding for scCCTb with various lanthanides as a
function of effective ionic radius A trend in free energy is observed as a function of ion
size

3.126. Measuremeant of Rates of Dssociation

Fluorescencspectra were recded on a Cary Eclipseubrimeterspectrophotometer

(Varian) usinga 108 L q u a r tofzl cro path éemngth €Starna Celld)etatbound
proteinamplesvner e prepared by i Mpaenatt70°Cpr2P 50 e L
minutes, and cooling in a room temperature bath for 3 minutes. Sample was centrifuged

for 3 minutes at 16,100 RCat 25° C. Toeachsample, 5 e L of 23B(LmEM L n ( N
Dy, Th, Sm) was added to obtain a 3:1 ration of metal ttgin. Heat cycle was repeated

and samples were again centrifuged. The rates of metal dissnavere measured by

addingd €L of 0.5 M EDTA ( f oprote#r) addOnOritaridg r at i on
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the change in fluorescence signal. Fluorescence sigea¢samllected by exciting at 280
nm, andcollected at 544 nm for terbiurb73 nm for dysprosiungnd 643 nm for
samarium using a 360 nm high bapaks filter with a PMT voltage 01000 V at 20 C.

In these experiments, competitive binding occurs betweenigands for the same

metal. The equilibrium model is:

PM+LU P+L+MU LM +P (3.12)

where P now denotes the protein, M denotes the metal ion, and L denotes the competitive
ligand (EDTA in our case). If a solution is prepared with protein and a high coskemt

of metal (e.g. 10 Xg), the equilibrium in the absence of the competitive ligand will be:

PMU P+M (3.13)

and the formation of the protemetal complex will be favored. Upon addition of an

excess amount of competitive ligand, the efiilim in equation 3.14 is shifted strongly

to the right hand side, rendering the reverse reaction negligible:
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PM +L %% P+L+MY%B- LM+P (3.14)

with the change in the concentration of PM given by:

w =k [PM] (3.15)

Solving the differential equation yieldise rate equation as:

[PM] = [PM,]e (3.16)

The change fluorescence in fluorescence is related to the decay of the- retizin
complex by equation 3.8ata was fit to model after 180 minutes of data collection to
remove norexponential behavior cageg by initial mixing periodFitting of the data to

the equilibrium models was carried out by nonlinear regression using the MatLab curve

fitting toolbox.
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Fluorescence Emission (A.U.)
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Figure 3.33 Spontaneous dissciation of Dy** bound to scCGTb. Dysprosium
fluorescence emissionas measure as a function of time after the addition of excess

EDTA. Data was fit the exponential decay witlkza of 0.002107 #.000007min™ (blue
line).
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Fluorescence Emission (A.U.)
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Figure 3.34 Spontaneous dissociation of TH bound to scCGTb. Terbium
fluorescence emissiowas measure as a function of time after the addition of excess

EDTA. Data was fit the exponential decay witlksa of 0.002066 + 0.000016in™ (blue
line).
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Fluorescence Emission (A.U.)
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Figure 3.35 Spontaneous dissociation of S# bound to scCGTb. Samarium
fluorescence emissn was measure as a function of time after the addition of excess

EDTA. Data was fit the exponential decay wittkza of 0.00167 + 0.00001&in™ (blue
line).

Half-lives of the decay of the metlidand complex were calculated by:

-1In(2)

ty, = . (3.17)
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A trend was observed for the héilfes of proteiametal complexes as a function of

effective ionic radius.

Half-Lives of Protein-metal Dissociation
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Figure 3.36 Half-lives of dissociation for lanthanide ions bound to scCGTb.
Dissociation rates are dependent on effective ionic radius.

3.13 Discussion

We have used this general strategy to design a lanthbmdang site at the core of a
rigid four-helix bundle singlechain proteinRelative orientations between the helical
segment®f a fourhelix bundlewere explored to determinecanfiguration that would be
compatible with a €oordiante lanthanidbinding pocket. To build a singiehain

c o nst r uhelita)] segmbnes were connected with loop segments. To ensure that
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stability of the coileecoil motif was retained in the singtéhain construct, loop segments
were selected from a database of loops taken from protedty Xrystal structies.
Statistical computational protein design was used to arrive at a final sequence that would

fold to the target conformation.

The resulting protein was synthesized using recombinant gene expredsiaroiin and
recovered from the insoluble fractialonitoring of the 222 nm signal in CD
spectroscopy indicated that tagpurified protein undergoes a structural reorganization
upon heating to 70° C at pH 6.0, but is highly stable afteealing Temperaturemelt
experiments to 95° 6f theapoform showed nocooperativemelting transition, and the
subsequentooling to 4° C occurred without hysterediemperaturenelt experiments of
theholo did not reveal a significant difference in stabilifjnese results are consistent

with the hypothesized staibyl of the desiged protein

Binding of terbium to the protein was confirmed by measuring the fluorescence emission
of the metal at 544 nm upon excitation of the single tryptopbsiduein the sequence. It
was observedhat metal binding occurred inslow manner, and heating of the solution to
70° C for 20 minutes was required to achieve full formation of the equilibrium protein
metal complex. This result is also consistent with the design of a binding iatponek

buried hydrophobic cor&.hehelicalcontent andhigh stability of theapo protein and the

slow kinetics of ion bindinguggesthat protein is fully folded in the absence of the

metalion.
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The slow kinetics of ligand binding proteins with inaccessible binding sites makes it
difficult to perform equilibrium experiments such as binding isothemations. ®veral
different solutions to the problem have been apbepreviously designede novo
cofactorbinding proteinsFor example, the protein DF1 was designed to tartd/o iron

ions, but metal binding occurred in slow manré? This meant that the protein had to be
unfolded and slowly refolded in the presence of the metal in order to get it to bind in an
accessible time frame. A secegdnerain design explicitly addressed this problem by
mutating a leucine residue to an alanine residue on one side of the protein to allow for the
accessibility of the metaf’ As an alternative to sequence modificatiorsathcan be

applied to disrupt the structure and create an opening for the entrance of thé*flgahd.

Folding cooperativity can also be incorporated into thegaesiocess by including
predictions of folding pathway$? A stable core with a deep energetic well can be
desigredat the apolar regionsf the protein core, while the @olbinding site is designed
by taking into account the flexibility of the backbone and choosing a sequence

compatible with a low energy barrier to folding.

In our case, we were able to use heat to disrupt the protdirrioligh to allow for
accessibility to the binding siteligh kinetic barriers to ligand binding are generally
undesirable in designed protenhge to the fact thatnough features carsuallybe
designed ito the binding pocket to impaligand selectivity. In the case of lanthanide
ions, the lack of differentiating chemical features makes thermodynamic selectivity
difficult to achieve Fitting of binding isotherms to fluorimetric titration data indicated

that this is the case for the designed s€lQrotin, although a general trend in
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selectivity as a function of effective ionic radius was observed.

While the difference in thireeenerg of binding may be small for lanthanide ions of
nearly identical effectivéonic radii the difference inhe energyof the transitiorstateof
unbindingmay be more significanTo investigate the possibility of differentiating
betweenanthanide ions of nearly identical radii, we measure the spontaneous
dissociation of ions from the binding site by adding excess ofA&=&sTa competitive
binder and measurirtpe change in the tryptophams-metal FRET signal as a function of
time. A proteinbound ion that spontaneously dissociates from the binding site and makes
it out into bulk solution would emuinter EDTA molecules whit highprobability and

would not be able to fbind to the protein. Fitting of the fluorescence data to a kinetic
model allows for the calculation of the rat# dissociation. It was observed that the rate
of metaldissociation is dependent on the ioradius of the lanthanide io8uch
differences in dissociation could be exploited to a carry out kinetically controlled

purificatiors of REEs.

Lanthanide lon  Effective lonic RadiugA) kot (Min'?) Half-Life (min)
Dy** 0.97 0.002107 329.0
Tb* 0.98 0.002066 335.5
S 1.02 0.00167 415.1

Table 3.100bserved rates of proteinmetal dissociation Half-lives of proteinmetal
complex in the presence of excess EDTA increase as the effective ionic radius increases.

More importantly, the designed proteinut be used as a model system for investigating

the effects of structural modifications on the thermodynamics and kinetics of lanthanide
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ion binding. Finetuning of the coordination sphere could be used to design proteins with
iImproved selectivity towardsne lanthanide element over the others. Binding pathways
could be designed into the structure to{inge the kinetics of ion bindin! The

atomistic control of the structural determinants of ion binding wouddblenthe

realization of lanthanideinding protein with targeted chemical properties.

3.14 Conclusion

We havedesigned a fouhelix bundle protein with a buried lanthanidding site and
studied the thermodynamics and kinetics of metal ion bindingd&hkigned protein is
able to fold in the absence of the metal ion, is highly stable, and exhibits slow binding
kinetics. The protein binds to lanthanide ions with micromolar affinity with a trend in
thermodynamic selectivity as a function of effective éoradius that is consistent with
previously studiegbroteinlanthanide complexesiowever, no selectivity was observed
between ions in the mithnge of the lanthanide seri@$e slow kinetics of the system
allowed for the analysis of rates of spontanedissociation of various lanthanides, and
differences in dissociatiorates were measurable flementsn the midrarge. The
singlechain lanthanidéinding proteirdesigned herwill serve as a model system upon
which to study the sequensg&ructurefunction relationships oproteinlanthanide

systems.
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4| Ferritin Mutational Analysis of a Naturally Occurring Self

Assembling Nanocage

4.1. Abstract

Protein cage selissembly enables encapsulation and sequestadtgmnall molecules,
macromolecules, antanomaterials for many applicationsbhionanotechnology.

Notably, wild-type thermophilic ferritin fromArchaeoglobus fulgidugAfFtn) exists as a

stable dimer of fouhelix bundle proteins at a low iongtrength, and the protein forms a

hollow assemblyf 24 protomers at a high ionstrength D800 mM NacCl). This

assembly process can also be initiated by highfrged gold namparticles (AuNPS) in

solution, leading to encapsulation. Thes¢a suggeghat salt solutions or charged

AuNPs can shield unfavorable electrostatic interactions anAfFd i me rintedaces)e r

but spespbdbi o fAbset dues c o ottheeoitentified.gio ass e mbl y
investigate this further, weomputationally designed three AfFtn mutants (E65R,

D138K, and A127R) that introduce a single positive charge atadgagthe

di meridi mer interface. These pramd ei ns exhi
thermodynamics, which were rankedoirder of increasing 24mer propensity: A127R <

wild type < D138KL EG65R. E65R assembled into the 24mer across anaitge of

ioni c strengths (071800 mMmpemtGreé fprthe 2dmaetwasB8e di s

°C. X-ray crystal structuranalysis of the E65R ntant identified a more compact,

" Adapted from Pulsipher, K.W., Villegas, J.A., et al. Thermophilic ferritin 24mer assembly and
nanoparticle encapsulation modulated by interdimestedstatic repulsiorBiochemistry2017, 56 (28),
3596:3606.
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closedpore cage geometry. A127R and D138K mutants exhibitedtypleability to
encapslate and stabilize 5 nm AuNPs, whereas E6%Rndt encapsulate AuNPs at the
same high yields. Thisork illustrates designed proteiages with distinct assembly and

encapsulation properties.

4.2.Introduction

Ferritins make up a ubiquitous family of peot cages, important for iron storage in most
organisms. Maxferritins shae a similar overall structure of 24 tetrahelical subunits
assembled to form a hollow, roughly spherical shape. The dimer is a common
intermediate in ferritin selassembly, and th&dmer/dimer distribution can be altered by
singlepoint mutations. Orner and egorkersd e nt i f i ehot-s p edsiduesan i
Escherichia colbacteroferritin and ferritinlike DNA-binding protein from starved cells
(DPS) whose mutation either shutveh assembly entireX? **3or stabilized it:** *4°

They accomplished this by modulating hydrophobic interactions, either by plugging
water pockets with aromatic aminoids** **°by disrupting electrostatics along the
dimer interface’*? or by replacing amino acids with alaniféIn E. coliferritin A,

singlepoint mutations to alanine at the thifedd axes decreased 24mer cage stabffity.
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Figure4.1: Salt-dependent assembly for wild type AfFtn At high ionic strength (800

mM NacCl), the 24mer cage predominates. At low ionic strength (<200 mM NacCl), the
protein disassembles into twelve dimers. The dimer is highlighted in blue in the 24mer
cage on th left. Inset shows closgp of mutation positions at the trimeric interface. The
crystallographic structure of AfFtn (PDB ID 1SQ3) was used to generate the'figure.

We investigatd the selfassembly of thermophilic ferritindim the archaeon
Archaeoglobusuigidus (AfFtn), which has unique daflependent assemiipt

previously found in other ferritins. Ashownin Fig. 4.1, at a high ionic strength (800

mM NacCl), the 24mer is the dominant assembly state. At lower ionic strengths (<200
mM NacCl), the protein disassembles into stable diffet§>The ionic strength
dependent selissembly of AfFtrhas been used encapsulate citrater bis(-
sulfonatophenyl)phenylphosphine (BSH&Mctionalized gold nanoparticles (AuNPSs),

rendering them more biocompatible and stable teisdiiced precipitation?***° The
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encapsulation process happens under mild conditions, at room temperature with gentle
agitation. The esul t i ng AfFtni AuNP assembly maintai
structure, subunit stoichiometry, melting temperature, and ferroxidase activity, thus
highlighting unusual proteini AuNP complem
The crystal structure of AfFtn [Protein Data BafiDB) entry 1SQ3} contains a

trimeric interface rich in negatively charged residues. We hypothesized that electrostatic
repulsion at this interface prevergubunit assembly at low iorstrengths and neutral

pH, given that the estimated pl of AfFtn i
was found to be important in governing the rate ofasffembly oE. coliferritin A,

which typically exists only as the 24mer except undéia conditions:*’ As other

ferritins do not feature sathediated selbissembly, AfFtn provides a uniqupportunity

to investigate the role of subunit interface electrostatics in protein cage formation. We
hypothesized that decreasing the extent of electrostatic repulsion between anionic

subunits by a designed amino acid substitution should promote 24maettitorrat low

salt concentrations. We tested this hypothesis by introducing positively charged groups at
various positionga | ong t he di me r haslbeemenployadpreveouslyimc e. As
the redesign of ferritin proteins, a statistical computational design strategy was used to
calculate theoretical amino acid probabilities at selected’sité3?The resulting

probabilities weraised to guide the selection of point mutations likely to be compatible

with the overall protein structure as well as the supramolecular alssérhtee single

point mutantshownin Fig. 4.2were experimetally characterized, where each mutation
replaceda single negatively charged or neutral arih a positively charged residu&he

thermal stability of the mutantgas investigatedand changes in the selsembly
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equilibrium, kineics, and reversibilityat different salt concentratiomgere exploredThe
capability of each mutant to encapsulate and stabilize AuNiBsalso investigatedVe
conclude that altering electrostatic interactions between ferritin subunits provides a

versatile approach to modulag protein cage assembly.

Figure 4.2:Computationally designed mutations along the trimeric interface Wild-
type residues (dark blue border): (a) E65, (b) Al27, and (c) D138. Siogie
mutations: (d) A127R (violet border), (e) D138K (teal bordend &) E65R (orange
border). Different protomers (chains) are rendered distinct colors: cyan, yafidvpink.

4.3.Computational Design of AfFtn Mutants.

The template structure consisted of a trimer of subunits comprising chains G, H, and J
from the cystallographic structure &. fulgidusthermophilic ferritin 24mer (PDB entry

1SQ3Y). Amino acid probabilities were calculated independently for sites 34, 65, 127,
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131, and 138. Sites 127, 131, and 138 are situated along a helical interfacial region. Sites
34 and 65 were chosen as they form, alortg site 138, the center of a carboxytaith

pore. Eighteen natural amino acids were considered at each selected site; cysteine and
proline were precluded. For each mutation calculation, residues other than the site of
interest were constrained to thestgl structure conformations. Energfesnd
conformational states of mutated sites were obtained using a rotamer iEing.
entropybased, probabilistic formalism was used to calculate theapilities of the

amino acids antheir rotamer conformationslsing CHARMM192® hydrogen atoms

were added, and energies were calculatadg the dihedral, van der Waals, and
electrostatic terms, with nonbondedut o f f  owas s8t td).5 molfikcal for these
calculations’: 138 139 1%%rhe probability of each amino acad a mutated site was the sum

of the calculated probabilities @§ sidechain conformations.

In thedesign calculations, we sought to identify mutations that introduce a positively
charged residue at the interface between adjacent protomers. We focused on the
probabilities of amino acid type (a) at each sit&(a), or the ratio relative to the wild
type residueP;(a)/Pi(aw). At site 34, the wiletype Asp was the most probable residue,
and as a result, this site was not selected for mutation. At site 65, Arg was the most
probable amino acid?s(R) = 0.83], yielding the suggested mutation E65R. #& 27,
Arg was the most probable amino ad®if(R) = 0.63], and mutation A127R was
selected. At site 131, Lys was the most probable amino BgidK) = 0.93]. Upon
examination of the resulting model structures, the conformations of this side chain

directed the ammonium group within the protomer, and thecsida interactions did
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not span an interface with other protomers; this site was not selected for mutation. At site
138, the four most probable amino acids were Arg, Asn, Asp, and Lys, and

P13g(K)/P13g(D) = 1.49. Mutation D138K was selected at this site.

4.4.Experimental Verification

Experiments were carried ooy membes of the laboratory oProfessor Ivan

Dmochowski. E65R, A127R, and D138K singf@int mutantsvere preparedsing

standard sitelirected mutagenes After expression and puiGttion, proteirpurity was
verified by ® SPAGE and UVIi vi s s pywad veriies by AyD} a n d
TOF MS.Cage formation in 800 mM Na®as verifiedby transmission electron
microscopy (TEM). Shown ifrig. 43 and summarized imable4.1, cages with
approximatelfthe same diameter astivild type (wt) were observed in TEM

micrographs, showing the mutations did not inhibit-asembly in a higionic strength
solution. Dynamic light scattering (DLS) also showed similar results, with all mutants
having average particle diameters witBinm of that of the wtlDayg (Wt) = 13.5 nm].

Circular dichroism (CD) spectra for all three mutants showed almost no change compared
to the wt, demonstrating no perturbation in secondary strudhi®is unsurprising, as
ferritins and ferritinlike protens have been shown to be stable with respect to extensive

mutagenesis>?
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Figure 4.3: TEM micrographs and size distributions for wt and mutant AfFtn.

Similar cage structures were observed for all samples, indicating mutations did not
prevent selassembly. Grids were stained with either 2% uraagktate or 2%
ammonium molybdate negative stain. Particle size was measured manually using
ImageJ'> Scale bars ar&00 nm.

Sample Davg TEM (nm) N DavgDLS (nm) [PDI] Tm (°C)
wt 13.2+1.1 101 13.5[0.035] 84
A127R 13.3+0.9 117 13.6 [0.052] 85
D138K 123+1.3 110 14.9[0.103] 84
E65R 11.1+0.9 173 12.9[0.059] 98

Table 4.1: Assembled cage ltaracterization in 800 mM NaCl Day is average
diameterN is rumber of particleshat weremeasured manually using ImageJXalculate
average diametefl,, was measured by CD for wt, A127R, D138K and by DSC for

EGSR.



Thethermal stability of the mutantgas investigatd using CD spectroscopy and
calorimetry At 0.3 mg/mL, the temperaturdependent molar ellipticities éf127R and
D138K yielded a thermal stability nearly identitalthat of wt AfFtn T, =84 ° C
(Table4.1)]. However, E65RJid not unfold at <96 ° C,ral its T, by could not be
determined byCD. Differential scanningalorimetry (DSC), which uses a pressurized,
sealed samplehamberwas usedo measure higher melting temperatuneder agqueous
conditons. By DSC at 0.5 mg/mL, &, of 98° C for E65Rwasmeasurepusing the same
techniquea T, of 84° C for the wtwas measured, which comfied theCD-determined
values Remarkably, the thermatahlity of E65R is enhanced by 4 compared to
those ofthe hyperthermophilic wt protein and the other two mtgaAlthough CD
monitors changes in protein secondary strucama does not necessarily yield
information about the assemldiate, the single sharp transitions observed in the CD and
DSCdata suggest that disassembly of the 24mer may be concowiitianinfolding of
the subunits under these conditions.

The enzymati@ctivity of the mutantsvas investigatedsing an absorbandssed
ferroxidaseassay:>® An aliquot with 480 equiv of P& was added to eactample, and
oxidation to F&" was monitored by the increaseiiion mineral absorbance at 315 nm.
E65R had slightly enhancedttivity compared to that of the wt, while D138K had
slightly diminished activity and A127R signitantly diminished activityA127R is
closest to the ferroxidase site of the protein and likeracts withglutamates at
positions 128 and 131, potentiapgrturbing their actity. In light of minimally afected

structuralfeatures and thermal stability mentioned above, this represdémtalized
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disruption of the ferroxidase site compareavtAfFtn.
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Figure4.4: Size exclusion chromatographyto quantify the amount of 24mer present

at various salt concentrations for all proteins.Compared to wt (dark blue) at lesalt
concentrations, D138K has a slightly larger percentage of the fullyetbrassembly
(orange), and A127R has a slightly larger percentage of the dimer (teal). E65R has
greater than 90% assembly at all salt concentrations tested, [Na@& @M (violet).

Size exclusion chranatography (SEC), tryptophamufirescenceDLS, andnative gel
electrophoresigvere used tinvestigate the assembly statetlod proteingat varying salt
concentrationsSEC was performed after incubation of each pratgernightat 5
mg/mL in solutions of diffrent saltoncentrations, as seanFig. 4.4. The peak in the
SECtrace atD 10 mL was attributed to the 24mer, while the peaR¥Bt mL was

attributed to the dimer based column MW calibration. The area under the peaks was
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used toguantify the percentage of 24mer for each protein at eactosaientration. As
expected, under higsalt conditions (80M NacCl), all proteins showed nearly 100%
24mer. Undetower-salt conditions (<200 mM NacCl), different behaviarsre observed.
A127R is slightly less likely to sedssembleinder lowsalt conditons than the wt is,
while D138K has a&lightly higher propensity to assemble, with 24mer populatenger
than those of the wt at 0, 20, and 100 mM NaCl. E§b&vs >90% 24mer under all salt
conditions testedjemonstrating a dramatic change in-se$enbly equilibrium.To
corroborate SEC results, Trp fluorescen@s usedwhichis reflective of the solvation

environment of Trp residues in tpeotein Fig. 4.5a).

114



a 800 mM NaCl —wt

Normalized
Intensity

300 320 340 360 380 400

Wavelength (nm)
0 mM NaCl
B 1
NEZ
T C
E205
S £
=z
O T T T T T 1
300 320 340 360 380 400
Wavelength (nm)
b wt A127R D138K E65R
25 30 20 25
—_ <25 = <20
g2 S 215 g
OmM  Zis =20 = =15
£ 215 £10 2
NaCl 210 2 2 249
k) g 10 £ 2
£5 £ 5 s
0 0 0
o> e",bq,"qéh@(’ Q«@’be Qb-‘bgb\g NS ,\c h@‘"@-\“ \9\@9%\9 o 6\9
Dlamg'fer (nm) Diameter (nm) Diameter (nm) Diameter (nm)
10 10 12 10
< 8 8 v =8
800 mM £ = S 8 2
NaCl 2 6 6 < =6
a @ Z Z 2
5 4 @ 4 2 4 g N
£ 2 g2 2 2 <2
0 0 0 0
o N ) N N oo A LB
S P 65 ca‘b SENEY @b_@@ N »sz %° N RS
Diameter ?nm) Diameter (nm) Diameter (nm) Diameter (nm)

Figure4.5: Assembly properties of AfFtnvariants. (a) Tryptophan fluorescence results
for wt and mutants. (b) Dynamic light scattering results. All proteins in 800 mM NaCl
show complete 24mer assembly. At 0 mM NaCl, only E65R remains assembled, while
D138K forms discrete dimers, 24mer, and some aggregate, and wt and A127R
predominantly formaggregates of dimers.
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AfFtn contains four Trp residues p&inglechain subunit, two of which are predicted to
see somehange in solvation upon disassembly (Trp44 and Trp124YhEowt, in 800
mM NacCl buffer where AfFtn is completessembled, th&rp emission maximum is at
332 nm. In 0 mMNaCl buffer, where AfFtn is disassembled into dimers etinéssion red
shifts to 337 nm, consistent with the Trp residoesoming more solvent exposddhe
Trp fluorescence spectrumas measur@r each proteinn 0 and 800 mMNaCl buffer.
All of the mutants exhibited fluorescence spestnailar to that of the wt at 800 mM
NaCl, with similar pealshapes and maximal emission wavelengths. E65R showed a
slight blue shift compared to the wt, with an emissitaximumof 331 nm compared to
332 nm for wt. At 0 miVNaCl, significant changes were observed. A127R and wt had the
largest red shifts, moving to 337 and 338 nm, respectirraicating disassembly for
both proteins. D138K had a red shaftonly 2 nm, while E65Rhifted by only 1 nm.
These trendfor D138K and E65R match those observed by SEC, with EBBRing
minimal structural changes with a change in saitcentration and D138K showing
changes smaller than thoskthe wt.

DLS corroborated Trp fluorescenaesults showing A127Rith selfassembly behavior
similar to that of the wt, with decreased 24mer population under-sait conditions
(Fig. 4.5b). Like the wt,A127R 24mer was present at 800 mM Na@dl not at 0 mM
NaCl. DLS also indicated that at 5 md/mrotein and 0 mM NaCl, A127R, wt, and
D138K (to a smalleextent) form a broad range of high@olecular weightggregates.
These aggregates are too weakly associatadthstand FPLC treatment as no
aggregates were observedtba sizing column undemng conditions. Aggregate

formation isconcentratiordependent, as wt samples at 1 mg/mL indd/idual dimer
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visible in DLS data; however, at 5 mg/minly aggregate was presebt138K was
predominantly 24mer at 800 mM NaCl and mostly difwath some 24meg at 0 mM

NaCl, whereas E65R remaintdly assembled at both salt concentrations. Native gel
resultsalso support the unigueness of the E65R mutant, where E65R was the only protein
to run like horsespleen apoferritin (HSAF, used as a control 24mer lsecafits lack of

saltmediated disassembly). The wt, D138K, &27R all ran as smaller species.

1 mg/mL 2 mg/mL 5 mg/mL
100 100
80 80
g 60 g 60
J N
o 40 0 40
20 20
O I T T T T 1 O 1
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
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Hl wt M A127R ED138K

Figure 4.6Kinetics of assembly of AfFtn variants.DLS was used to monitor assembly

of wt and mutants, starting from dimers. Assembly rate was contientdependent for
A127R, with faster assembly at lower protein concentrations. WT showed fastest
assembly at 1 mg/mL, followed by 5 mg/mL and 2 mg/mL. D138K assembled within the
time it took to take the measurement for all protein concentrations tested.
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Differences in the kineticsf 24mer assembly for the wt, A127R, and D138&re
investigated § monitoring particle size using DL8ecausd&65R does not disassemble
with a decrease in ionic strength, cltanges were observed by DLS or SEC with a
chang in thebuffer conditionsThedisassembled protein infAM NaCl bufferwas
transferred to 800 mM NaQuffer to induce selassembly. The rate of assembly was
concentratiordependent, particularly for A127R and (Fig. 4.6). For wt protein at 5
mg/mL, assembly appeardd be complete within 4 h. For A127R at 5 mg/mL, the
assembled 24mer popul at i othenistaledrwéhans farthert o O
assembly. At 2 mg/mL, both veind A127R took approximately 24 h to reassemble. At 1
mg/mL, wt assembly occurred within 10 min (the time it toogrepare samples and

take the DLS measurement), and A12¥&s >90% 24mer ithin 2 h. Assembly was
significantly fasteffor D138K than for the wt and A127R at 2 and 5 mg/mLth&se
concentrations, the D138K samples were >90% 24witain 10 min. At 1 mg/mL,
assembly was stijuite fast, with gpopulation of >80% 24mer within 10 min. Rapid
assemblykinetics with D138K at all concentrations tested is consistithta lack of
aggregate formation, and an orderly processubiinit assembly. This is in contrast to the
case for thevt andA127R, both of which started from large aggregates, particidady
mg/mL. This feature should lead tnore reversible ankdigheryielding ferritin

disassembly andssembly processes with D138K, e.g., as required for t@adong.

A less dramat difference among the protaiisassembly kineticwas observed when
moving samples from 800 to 0 mM Na@®ly DLS, A127R and the wt appeared to
disassemblanmediately, producing large aggregates. The disassembl§28K was

more difficult to monitor byDLS because of theelative similarity in diameters of the
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24mer and dimer (andck of aggregatespisassembly was observed by Stecall
three proteins whin 25 min.Some 24mer remained for D138K withims time frame,

which matched the results fdire 0 mM NaClkquilibrium measurementHg. 4.4).
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Figure 4.7:Crystal structure of E65R assembly E65R exists exclusively in its 2#her
state in a closegore assembly. (a) Cartoon of E65R crystal structure (PDB 5V5K) with
residue 65 highlighted in pple. (b) Opemore wt AfFtn (PDB 1SQ3) with residue 65
highlighted in purple.

Additionally, a3.08 Aresolution Xray crystal structuref E65R was obtained (PDB

entry 5V5K).Althoughthe quality of the electron densitpaps does not allow siddain
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corformations to be cordiently modeled, the crystallograptigita do o#r insights
pertaining to the global structurethe E65R mutant. As showm Fig 4.7, thestructure

of 24merE65R shows a shift in the symmetry of the assembled cage to octahedral (as
opposed to the tetrahedral structure of the wt), resulting in a lack of the large triangular
pores. The 54800 A2 volume calculated from the structure of the E65R cage using the
Voss Volume Voxelator prograi is roughly 10% smaller than the 6000 A2 volume
calculated for aoly-Ala version of the wt (PDB entry 1SQ3)a finding also reicted

in the TEM and DLS resultsTable4.1). These volumes correspond to outer diameters of

10.1 and 10.5 nm for E65R and the wt, respectively.

wt A127R NP D138K E65R NP
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Figure 4.8: Native gel electrophoresis shoiug AuNP association WT, A127R, and
D138K atratios of 1:1 AfFtn 24mer:AuNP, but not E65R, which shows lower propensity
for disassembly.
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Finally, theinteractionbetween the assemblies of AfFtn variantth 5 nm AuNPs

coated in BSP®as investigata It wasshownpreviously that BSPfeoated, 5 nm

AuNPs are more stably encapsulated wt AfFtn than within cites¢edAuNPs.To
encapsulate the NPhe proteingvere first incubated at 0 mM NaCl overnight atGtto

allow for maximal disassembly. AuNRgere added to the samed for 48 h at room
temperature with gentle agitation. After 48 h, the presence of AUNP did not disrupt the
secondary structure of any of the proteins upon their incubation at a 1:1 AfFtn
24mer:AuNP ratioHowever, by native agarogel electrophoresis, some @ifences

were olserved among the samples. By 48 h, the wt, A127R, and D138K appeared to
successfully encapsulate AUNPs as judged by cleanly overlapping blue protein and red
AUNP bands, while the AUNP bands in the E&&Ritaining sample remained diffuges
shown inFig. 4.8, successful encapsulation was observed for the wt, A127R, and D138K
at a 1:1 AfFtn 24mer:AuNP ratio. In contrast, the AUNP bands for the {£6BRining
samples wex significantly more diffise, indicating greater variety in particle

charge:mass ratio.Wo bands are visible in the Coomassiiained image, with the less
intense band overlapping with the darkest part of the AUNP bands. This suggests that
although some AuNPs may be encapsulated within the E65R cavity, many are not, likely

because of less dissembly of the protein cage.

121



560 1 NaCl

550
545
_ NP
£ 540
£ =Wt
5 535 -+-A127R
<
530 ® eD138K
525 -®-E65R
520
515
51 O T T T T T T T 1
0 100 200 300 400 500 600 700 800

[NaCl] (mM)

Figure4.9: Determination of nanopatrticle passivation by AfFtn variants.Changes in
SPRpeakmaximum with respect to salt concentration show higher stability for AUNPs
that appear associated with proteins by gel.

The abilty of the protein to stabilize the AUNPs against-saluced aggregationas

also investigatedwith an increase in ionic strength, electrostatically stabilized AuUNPs

begin to aggregate, causing a red shift in the surface plasmon resonance (SB®) peak.

By monitoring the SPR peak with an increasing concentration of pa€sivation othe

AUNP surfaceby proteins could be observéig 4.9. Bare AuNPs had the largest SPR

red shift of >40 nm, from 0 to 800 mM NAC E 6AGBN®1had the next largest shift of
approxi matel y ARONPIP MAL1®ARIe AwRAURP allhadd D138 KT
similarly small red shifts of <10 nm. This suggests that E65R does not passivate the

surface of the AuNP, in agreement witle native gel redts. As a 24mer, E65R likely
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interacts with the AUNP surfadeit provides a stabilizing ef€t smaller than those of the
wt, A127R, and D138K. By TEM several 24mer cages can be seen in contact with the

AuUNP surface, supporting this hypothesis.

Figure 4.10: Inter-protomer interactions in mutants of AfFtn. Crystallographic
structures of AfFtn with site 65 highlighted as purple sphere (a, b). (a) Crystallographic
structure for E65R reported herein (closed pore, octahedral structure, PDB 5V5K). (b)
Structue of wt AfFtn (open pore, tetrahedral structure, PDB 1SQ3). Two R65 are in
close proximity at one interface.-& Computationally modeled structures of mutants
with most probable conformations of mutated side chains. Distinct protomers (chains)
have diffeent colors: cyan, yellow, and pink. (c) Within E65R, potential RA38 salt
bridge. (d) Within A127R, a potential R1-ZEG5 salt bridge within a sterically crowded
local environment. (e) Within D138K, a potential K1B234 salt bridge.
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4.5.Discussion

We havedesignedhree novel AfFtn mutants, each replacing a negative or neutral residue
with one that is positively charged. None of the mutations decreased the thermal stability
or hampered the ability of the protein to sedsemble into a nanocage athhignic

strengths. Howevethe experimental results demonstrate the profounecefisingle

point mutation can have on the saffsembly of AfFtnThis is in keeping with recent
literature, wheré. coli bacterioferritin'**ferritin-like DNA binding protein fronstarved

cells (Dps)t*?and bullfrog ferritirf®® were also showto be susceptible to changes in
seltassembly through mimonutagenesis. While the AfFtn mutations in which a negative
residue is changed to a positive one (D138K and E6BB\ed increased 24mer
populations in lowionic strengthsolutions, changing a neutral residue to a positive one
(A127R)showed slight destdization of the 24mer. Even betwe®138K and E65R

there were significant diérences in thé&avorability of 24mer assembly, with E65R
remaining >90%24mer at all salt concentrations tested and D138K disasse nipiitey
low-salt conditions. The speaifinterdimerlocation ofthe point mutation greatly aftts
selfassembly.

It is notable that E65R shows enhanced thermal stabildgdlition to the formation of
stable 24mer assemblies at lmmic strengths. Increased thermal stability can often go
handin hand with enhanced cage stability. For example, when thassdimbly

equilibrium ofE. coli bacterioferritiri** was shiftedrom a mixture of dimer and 24mer

to 100% 24mer, thd@,, increased by >20 ° C. Similarly, destabilization in favor of dimers

has led to decreased thermal stability in mycobacterial fetPft, coliferritin A,*°*
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Dps;*?andE. colibacterioferritin:** For wt AfFtn, theT,, under lowsalt conditions was
found to be essentially the same as that undergadflconditions, indicating that the
stability of the dimer is very similar to that of the assembled cage and that 24mer
assembly does not increase ttabdity of the dimer**® However, inE. coli

bacterioferritin, mutationdesigned to plug an interdimer water pocket with bptiobic

residuesledtosigndfiant | 'y enhancedl,t ke C)rbat reatertdenbri | i t y

population compared to that of the wt, as the geometry of the more stable dimers
prevented cage formatidf’ A127R appears to favor dimer under lsait conditions,

and its thermal stability is identical to thattbé wt. For D138K, its enhanced 24mer
stability under lowsalt conditions also does not appear to be linked to thermal stability,
as it too exhibits the Wk, The stabilities of the individual protein subunits, their
oligomeric assemblies, and the 24msseamby are coupled and can be difdit to

resolve.

At low ionic strengths, all the results support enhanced cage stability for E65R and
D138K. The symmetry shift seen in the crystallographic structure of E65R is striking
(Fig. 10a),but such closedbrm (octahedral) structures need not exhibit enhanced cage
stabilities. A double mutant of AfFtn, KI50A/R151A, was previously shown to yield
octahedral cage symmetry; however, this mutant maintained theegaibdent
disassembly and reassembly behavior efthprotein®? The crystallographistructures

of E65R and K150A/R1"A ar e hi g hl y -carbomcobrdimate roohéah h a n
square deviation (RMSD, as calculated using V/pof 2.19 A for the assemide

24mer cage (see an alignment of structurdsg. 11).
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Figure 4.11: Structural alignment of E65R and K150A/R151A. Alignment was
performedusing VMD for PDB structures 5V5K (E65R) andKX9 (K150A/R151]).
Cage structureomparison, with E65R in greeand K150A/R15A aligned magenta.
Quantitativecomparison of the two 24mer structures yieldedJaarbon RMSD of 2.19
A, as calculated using VME?

A trimer of subunits from the tetrahedral wilghe structure was used in the

compuational design of the mutants. The structure of this trimer is retained in both the

open (tetrahedral, wiltlype) structures and in the closed (octahedral) structures of

mutants E65R and K150A/R151A. The crystallographic structures of these trimers in the
wt, E65R, and K150A/ Radrt®iRMSR valees sfil.40iAl ar , wi t
between E65R and thet and 1.32 A between E65R and K150A/R151A (see the

alignment of structures iRig. 12).
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Figure 4.12 Structural alignment of trimer of subunits from 24mer assembly Wild-

type AfFtn (chains G, H,and J) (cyan), E65R (chains A3, D) (green), and
K150A/R151A (chains D, C, and D) (magenta). ThicarbonRMSD relative to the
E65R structure was 1.40 far wild-type, operpore AfFtn,1.32 A for K150A/R151A
(chans D, C, and D).

It is remarkable that a singf@int mutation led tsuch a dramatic change in assembly
behavior. This symmetry shift can be rationalized using the structures of the 24mer and
the computationally predicted siddain conformation of R63n the wt tetrahedral
assembly, the amino acid exists in two distinct environments because of the symmetry of
the cage. In one environment, R65 on one subunit is positioned directly across from R65
of a neighboring subunit{g. 10b), resulting in electrstatic repulsion. In the octahedral
assembly, however, R65 is in only one environment. The residue is not in the proximity

of an R65 residue on a separate protomer, which is consistent with octahedral assembly

being preferredrFig. 10a). Withinthe modebf E65R, R65 and D138 form a salt bridge
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at the interface present in both the tetrahedral and octalesdeahbliesHig. 10c), which

could lead to the observed enhancade stability. A127R was also predicted to form
complementary electrostatic interacts Fig. 10d). HoweverArgl27 is

conformationally constrained at an interface that is more sterically crowded than the pore
environment where the mutations E65R and D138K were introduced. With A127R, this
introduction of a large residue at a subunitrif@ee may reduce the stability of the 24mer

at |l ow salt concentrations relative to the
D34 salt bridge is observed between neighboring subunits, which may increase the

population of 24mer relative to that oktlwt (Fig. 10 e).

It is striking that we see substantial éifénces in selissembly kinetics for the proteins
alone, yet in the presence of AUNPSs, protein assembly encapsulating the AUNP seems to
be similarly fast for the wt, A127R, and D138K. A higimic strength solution perhaps
does not model the charged Auliirface, and thus, ddfences seen in proteamly
assembly are not observed in the presence of AUNPs. We hypothesize that the AUNP
nucleates protein assembly at its surface and may therelegsache etctive
concentration of protein in solution, while favoring assembly over possible aggregation
pathwaysTheDLS results suggest that protein concentralias a large edict on the

rate of protein cage assembly, with a decreasing protein miwatien in some cases
leading to faster assembly. This is likely due to minimal aggregation of dimers at low
concentrations, allowing assembly to oc&eassemblgould not be monitoredy DLS

at 0.3 mg/mL because of the low sigbadnoise ratio, bubnthe basis of theesults from

1, 2, and 5 mg/mL samples, we would expect assembly to occur rapidly at 0.3 mg/mL for
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all three proteins thatisassemble.

When NPs are introduced into a biological medium, protein adsorption is rapid and
evolves with time. Tis shell of protein on the NP surface is termed the protein cdtbna.
Protein adsorption has been shown to sterically stabilize NPs against aggregation with
increasing salt concentratiotfs; **similar to our results. A127R, D138K, and wt

protein all successfully encapsulated AUNPs as seen by a native gel and prevented
aggregation of AUNPs with an increasing ionic strength compared to particles without
protein present. Ahough E65R does not encapsulate AUNPs at the same high yields as
the disassembling proteins, there is still some level of AUNP stabilization, as the SPR red
shift for the EGSRAUNP sample was smaller than that of bare particles. The fully
assembled E65R cage may be adsorbed to the AUNP surface. It is possible

that the cage dynamics of E65R are such that some AuNPs are encapsulated, as indicated
by faint bands overlapping by timative gelFig 4.8).Such is the case for lumazine

synthase from Aquifex aeolicus , a protein cage capable of encapsulating large protein
cargo without first disassemblit§’ The greater 24mer stability and cargo selectivity
exhibited by E65R open up the possibility of designing more specific féango

interactions in the futuréNew types of cargo for ferritin encapsulatiame being

investigated

4.6.Conclusion

We have shown that singpoint mutations of AfFtn can hawarying efects on thermal
stability, assembly symmetry, asdlfassemblyequilibrium, kinetics, and reversibility.

More dramatic charge changes such as changing negatively chiagiguaes to positive
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ones increased the stability of the 24medetreasing ionic strengths, while a less
dramatic changeshanging a neutral resid to a positive one, had a slightlgstabilizing
effect. The E65R mutant shows enhanced dageation as well as thermal stability,
formation of the 24meunder lowsalt conditions, and sedfssembly in octahedral
symmetry rather than tetrahedral. Theesktics of seHassemblywvere also a#cted by
mutation, with A127R showing nanocagssembly that was slower than that of the wt,
and D138Kassembling faster. These results corroborate earlier studiesthathferritin
species, demonstrating the genigyalf singlepoint mutations along sulmit interfaces
dramatically aféctingcage seHassembly. All mutants showed some salt stabilization
AuNPs compared to bare patrticles, but only mutantgétained their ability to
disassemble showed full AuNgAcapsulation. Enhanced control over protein cage
assemblycould have applications in delivery, nanomaterials separaaodsgontrolled

inorganic NP synthesis.
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5| Computational Design of Seissembling Peptide Cages with

Surface Plasticity

5.1Abstract

The computational design of protginotein interactions allows for thpotential
development of symmetric assemblies of bomeric protein complexes wigpherical
shapes and hollow interiors. Precise control of the size and thickness of seirib ks
would allow for the design of protein cages for encapsulating argjoecific sizes, such
as nanopatrticles or other proteins. Rational and computational approaches have been used
to design synthetic protein cages, but the lack of size tunadsilitye individual subunits
has made it difficult to target specific sizes. Coitadl peptides have a periodic structure
that makes them amenable to size tuniffg.computationally designeal helical peptide

to selfassemble into a tetrameric coHedil, which further assembles into a spherical
cage. Thalesign explicitly incorporateside chain conformationalymmetry breaking
bet we e thelidesviman Bsymmetric unit, allowing for the assembly of 48 individual
Urhelices in an octahedral arrangemditite designed sequence was synthesized and the
kinetics of seHassembly of the peptides was controlled by dialysis from denaturing to
nondenaturing conditions. Assemblies were analyzed with dynamic light scattering
(DLS) and transmission electron micropgdTEM), which revealed that the designed
peptide assembles into spherical particles of the target size and Bhigpe.

computationally designed natmage serves to illustrate the possibility of designing
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assemblies with specific dimensiomsing short, dsigned peptide sequences.

5.2.Introduction

Interactions between proteinscur extensively in living organisms aack involvedm
most cellular processé&The strength oproteinprotein interactionsRPI9 ranges from
weakand transient associatigga € M jo the formation of tightly bound complex@;

< &.X¥%)'**Biochemical signals are passed across cells and across membranes by

cascades of transieRPIs' "

whereas strong associations hold functional protein
complexes togethéf Proteincomplexes can be composed of a single type of protein
(homooligomeric) or from different types of proteins (het@l@omeric).Some protein
complexessuch as vault§, virus capsidsand ferritin cage$’® selfassemble into

particles withhollow interiors.

Proteirbased nan@ontainers could be used to encapsulate molecular cargoopaldd
serve as targetable draglivery vehicles® Cagelike protein nanestructureshavebeen
alsoinvestigated for their potential to serastemplates upon which to display antigens
for vaccine developmenf? Computational design has been used ipesly to reengineer
naturally occurring proteinsito homooligomeric and heteroligomeric assemblie¥" 4>
17> However, these constructs lack simeability given thenonperiodicnature of the
globular protem subunits On the other handhé size and length of helical peptides can
be easily controlled given their periodic structiéhen designed to arrange into
spherical assemblies, the size of the resulting 1taiges maye potentiallycontrolled as

well.
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Figure 5.1 Schematic of peptidebased nanocageseptide cages of various sizes could
be targeted by varying the length of the helical peptide subunits.

We set out tacomputationdy designhelical peptides that assemblefdom spherical

nanacageswith octahedral symmetryVe devisedand implementethe concepof
Asequence symmet r y o-symmdtriwat assembdias dnwoctahedial | n n o
arrangementSide chainotamer probability profiles are calculated independently for

different chainsbut amino acidprobabilities are constrained so teguivalent residue

positions of different chains hav@enticalamino acid probabilitiedn this manner we

can access single sequences that are compatiblenwitiple distinct local environments.

Theresulting 29residue peptide sequences were experimentally realized and
characterized. One of the sequences exhibited behavior consistent withssettbly to
form the targeted nancage.Dynamic light scattering (DLS) experiments confirmed that
the peptiles formed assemblies of the target gizeolution andtransmission electron

microscopy TEM) images confirradthat spherical particteof the target sizevere
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formed.

5.3. Computational Design of SelAssembling Peptides

To design a peptide naigage,we targeted an assembly of coHedils in a spherical
arrangement with octahedral symmetry. We selected the antiparallel tetramerie coiled
coil GCN4pV as the backbone template upon which to construct prptetein

interfaces that would lead to seléssembly of the nanesage. GCN4V is a highly stable

t et r a nhelices,aviich léad us to hypothesis that this structure would be amenable
to substantial sequence variation. By maintaining the amino acid identities at core
positions along the heptad repewe could ensure that the correct oligomerization state
and internal symmetry were maintained. Thesymmetric arrangement of the tetramer
means that there atlereeperpendiculacC; axes, which canot be mapped

simultaneously onto th®y, point group As a consequenciie asymmetric unit mu$ie
composed o fhel@esdiih ore mternad,; axid. A secondC; axis carbe
mapped onto one of th& axes of theOy, point group Applying all symmetry operations
resuls in theformation of a spherical arrangement of 12 coeted subunits castructed
from 24 asymmetric units. T-helicesthatanakap t s

the nanecage as illustrateith Fig. 5.2.
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Figure 5.2:Coiled-coil based peptide cage formationThe coiledcoil unit (center) is
composed of an asymmetticn i t  ehklices (yadlow)Jand &; symmetry related
element (magenta). Formation of the octahedral cage occurs with the application of the
22 remaining symmetry operation€ages of different sizes can be formed by translation
of the coiled coil subnit in and outhe plane, and rotation about tGgaxis.

An aomic coordinate file for GCN4V'*®was obtained from entry in the Protein Data
Bank (PDB 2B22)The structure was modified to provide ldrterminal acetyl capnd a
C-terminal amide capeach wasdded tahe structure using PyMoThe GCN4pV

crystal structure contains en-hBlix in the asymmetric unit, and the antiparallel tetramer

can be generated from the symmetry operations d#t@crystal space group.
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The crystal latticenformation was useth PyMol to obtainone half of the coileaoil,
correpondingto antiparalleldimer. A coordinate file consisting of two chains of the
tetramer was generated from the asymmetric unit (designated as chainafgyamahetry
mate (designated as chain B). The resulting structuregrsred at the origin by
translating eacket of atomic coordinagA sequencsstructure energy landscape was
generated by considering translations and iwtatalonga C2 symmetry axis of the
tetrameric bundlex(=y at z=0), and calculating the atomic coordinates of symmetry
related elementwithin Op. The 24 gmmetry operations for th®;, point group were
obtained from thé&432 space group table ihhelnternational Tables for
Crystallography*"® In the R132space group tableh¢ x=y line at z = 0 is one ttieC,
axes in the set of transformations used to gen@asgmmetry.The symmetry riated
element generated by this operation from the dimeric asymmetric unit results in the

formation of the full tetrameric coiledoil as well as the octahedral cage.

Starting from tle configuration shown in Fig 5.8 is defined as the displacement along

theGaxi s, while d is defined as the rotatior
from 28 | to 43 at 0.1 intervals and v
intervals.
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Figure 5.3 Asymmetric unit of octahedral assembly Peptide asymetric unit
backbone and structural degrees of freedom.
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At each point on the landscape, an ensemble with the followimpgee of freedom
(Table 5.1) was considered. Valine residues atltlwede positions, leucine residues at

thea positions, and sparagine at 1@(position) were retained as in the GGNY

sequence.
Sites Degrees Of Freedom
1 Acetyl capi 1 conformation.
31 Amine capi 1 conformation.
8,9, 15, 22,23, 30 Valinei All conformations from Dunbrack 2002 rotamer library.
5,12,19, 26, 29 Leucinei All conformations from Dunbrack 2002 rotamer library.
16 Aspariginei 10 most common probable conformations from Dunbrack 2002 rotamer librar
2,3,4,6,7,10,11, 13,14, Allamino acidsexcept cystine and proliné up to thel0 most common probable conformation
17, 18, 20, 21, 24, 25, 27, 2 from Dunbrack 2002 rotamer library.

Table5.1: Ensemble amino acid type and conformational degrees of freedorAmino
acids and rotamer conformations allowed at each site on the alpha helix

The resulting ensembles consisteaabtal4502 uniquadentity-rotamer (nonomey

states acros82 sitesVirtual copiesof the asymmetric unit were createdan octahedral
arrangement using the 24 symmetry transformation matrices ofgherystd space
group.For a given configuration of the naxwage, monomer states having high net
potential interactions (>30 kcal/mol) with backbone atoms of any subunit (plus energy of

interaction with the side chain of its symmetry related element) were removed
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The sitespecific type/rotamer probabilities were determined by minimizing an effective
free energy for each computationally generaizadidateoctahedral assembly. The

following parameters and constraints were used:

Parameter Setting
Force field vesion AMBERS84
Force field paramers Electrostatic, Van der Waals, dihedral, hydrogen bond
b 0.5 mol/kcal
Non-bonded cubff 8 A.
Distancedependentlielectric 4r
Pairwise energy cap 30.0 kcal/mol

Table5.2: Parameters of structureenergy landscape calculationForce field energetic
terms and values of adjustable parameters.
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2B22 Cage Sequence Structure Energy Landscape
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Figure 5.4 Sequence Bucture energy landscape.Local minima were selected for
further design calculations.

For each candidate naivage structure, the calculations yield an effective internal
energy, which is an average energy obtained using the calcolatezmer state
probabilities (Fig. 5.3)The 32configurationson the landscape with lowesternal

energies were chosen for sequence selection calculations. At each of these points, an
ensemble was generated with the same amino acid degrees of freeaabedh Table

5.1, but all conformations in the Dunbrack rotamer library were allowed. Free energy

minimization was carried out as indicated above, but with the following additional
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constraintsAt each residue positiarof chainsA and Bwithin the asynmetric unit,m
types(amino acidspndcm conformationof each amino acidype) are permitted. We

let Udenote the amino acid type ant)rthe side chain rotamer state: 1 constraints
were imposed to constraihatthe amino acid probabilitieend equivalent sites on chains

A and B are equal.

minF(w, &) =U(w)- 31
subject to O£ w; £1 (53)

4 & wa.r@)=1

a;=1r(a;)
and & wW'(a.1(a)- & wWi(@.r(a)=0

r(a) r(a)

wherethe residue index is usedfor equivalent sites of the two helicAsand Bin the

asymmetric unit.

In order to guarantee that equivalent sites were populated with thesstsmaamino

acid types, the following trimming procedure was implemented:
1) Generate cryal lattice of untrimmed ensemble.
2) Remove higkenergy states by trimming procedure outlined above.
3) Discard crystal lattice.

4) For equivalent sites on chains A and B, remove all conforfremsthesiteon

chainB of any amino acid type ngiermitted energeally at the corresponding
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siteon chainA. Conversely, remove all conformers te site on chainA of any

amino acid type not founalt the correspondingiteon chainB.
5) Generate crystal lattice of trimmed ensemble.

After each round of ensemble fregeegy minimization, each site was examined for

highly probable amino acid types. If at any given site the most probable amino acid was
more than twicesprobableasnext most probable amino acid, all other amino acid
degrees of freedom were removeetemination of the monomer state probabilities
usingthe reduced ensemble was carried ant the procedure was repeated until no
further degrees of freedom were removed. Gddeulatedorobabilities were used to

select sequences and conformations for furtbbenputational validation.

For each result, a coordinate f{lRDB format)was generated with the most probable
conformation of the mogirobable type at each site. Ee€ DB files containeca
CRYST1 header indicating an F432 space group with unit ggdlsed apart by more
than 999 A. This serves tenerate the octahedral cage asserfibiy the crystal lattice

routines in analysis and visualization software.

142



Figure 5.5:.Cageassembly ofa designedpeptide. a) Structure of thpeptide nanaage
atR= 30 | a.rCdge diameter #ofnAhe outer edgel.&nm. b) Overlap of the
two chains in the asymmetric unit slfiowing differences in side chain conformations.

All 32 candidate sequences and structwese uploaded to the Proteins, Interfaces,
Structures and Assemblies (PISA) set{eand the assemblies were analyzed. To further
assess the likelihood of forming the targeted peptide assemblies in solution, each
candidate coileaoil was subjected to aimeric proteinprotein docking calculation

using the ClusPro web sernéf® A coordinate file obnly a single tetrahelicaloiled

coil was uploaded to the server as the receptor, the multimer docking optiselecsd,
and the number of subunits was specifiethase The program predicts the structure of
a trimer of helical bundles using only the monomer (tetrahelical coiled coil) structure.

Only designs that were predicted as stable by PISA and ClusPeccarasidered for
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experimental validation. PISA defines as stable an assembly with a calculated energy of

dissociatiorscoregreater than 0 kcal/mol.

Agreement between ClusPro docking prediction tivediesigned cage models was

judged visually. The represttive structures of the most populated cluster for each set of
coefficients (fAbfhdavworcedd, -fieyadrcagpgddscshiatd c
AVdW+E|l ec0) were visually compared to the
chain in the ClusPro predictiamould be assigned to an equivalent chain in the design,

then the design was judged to be stable. The backbone RMSD (atoms N, C, CA and O)
between the prediction and the design was calculé@esien candidates were selected as

those having a low internahergy from the sequence calculations and low predicted

PISA assembly scores.
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Name R (R) d( A Final Pl SApn q Best Sequence

Ensemble (kcal/mol) ClusPro
Energy
(kcal/mol) Prediction-
Backbone
RMSD (A)
3D-1 31 44 -281.608 -1042.4 Elec+VdW | VIDLTT VVNFLDFVNESLYHV
VEWLRVLV
4.99
3D-2 30 46 -274.54 -986.2 Electrostatic| FVDLTTVVNRLDYVNTSLYS
-favored VVTWLRVLV
1.894
3D-3 31 54 -257.375 -907.8 Balanced | TVDLTHVVWTLDKVNKTLY
HVVTLLRILV
5.02
3D-4 30 44 -292.338 -751.7 Balanced EVDLVKVVNRLDTVNKSLYD
VVTYLRKLV
2.868
3D-5 32 138 -284.95 -726.8 Balanced EVDLVHVVRDLDYVNKRLY
YVVTWLRHLV
5.539
3D-6 31 45 -303.527 -688.4 Electrostatic| DDALVTVVNRLDRVNESLYY

-favored VVEDLRKLV

4.754

3D-7 30 43 -294.916 -680.7 Electrostatic| DEDLTRVVNRLDTVNKGLYD
-favored VVTYLRKLV

3.057

Table 5.3:Seltfassembling peptide candidatesTop seven candidates were ranked by
predicted PISA assembly stability, with ensemble average energy, most probable
sequence, and Best ClusPro prediction.

5.4. Experimental Verification

Experiments were cded out by members of the laboratory of Professor Darrin Pochan
at the University of Delaward?eptideswere synthesized by microwavassisted solid
phase peptide synthesis (MBPPS) and purified on a reveqsease higkpressure liquid

instrument (RFHPLC).
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Circular dichroism (CD) spectra were collected at pH 4.5, pH 7.0, and pH 9.5. The 3D
peptide was obser ved -hdlicalghasceatpts valaes tfliS5gh deg
and 7.0, consistent with the design. The peptide also displayed a higle aégtability,

as evidenced by a lack ofcaoperativemelting point transition during temperature melt
experiments. Given thdahe theoretical isolectric point of this sequence is arophet

9.5, a decrease ltthelical charactemolar ellipticity at222 nm)is to be expected at pH

9.5 due to a decrease in stabilizing electrostatic interactibiiie to aggregation and

precipitation of the peptide

Figure 5.6 Circular dichroism spectra of 3D-4. Data were collected at pH 4.5, pH 7.0,
and pH 9.5.
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